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ABSTRACT 
 
Polymer matrix composites, especially those with carbon fiber reinforcement, are 
becoming increasingly common in aerospace applications due to their high stiffness to 
weight ratio, resulting in significant weight and fuel savings on commercial and military 
aircraft.  Despite their excellent properties, carbon fiber composites are often susceptible to 
damage in the form of delaminations or interlaminar cracking caused by low energy impact 
or manufacturing defects.  Often not easily detectable, delaminations are detrimental to the 
strength of the composite and can ultimately result in failure of the component. Therefore 
methods must be developed to repair damaged composites.  Injection repair is a procedure 
that involves injecting a low viscosity resin into the damaged area and subjecting the 
composite to heat to cure the resin.  Currently, injection repairs are rarely used in high 
temperature applications because of the lack of resins with both low viscosity and high 
thermal stability.  Therefore demonstrating the use of a resin with satisfactory viscosity and 
Tg requirements would expand the application of injection repairs to more vigorous 
environments. 
In the present study, the injection repair method was developed to repair damaged 
bismaleimide carbon fiber composites that are similar to composites used on several high 
temperature weapon platforms.  Bisphenol E cyanate ester (BECy) was chosen as the 
injection resin due to having the unique combination of low viscosity and a high glass 
transition temperature.  Cure kinetic studies found an optimum undercure schedule to achieve 
the maximum Tg while avoiding the high temperature postcure.  Mechanical and adhesive 
tests revealed that partially cured BECy had properties superior to that of the fully cured 
resin.  Following the evaluation of the resin, the injection repair procedure and set up were 
xi 
 
developed.  Successful and reproducible repairs were performed on panels pre-damaged 
through static loading and drop tower impact, as well as on panels of various thicknesses.  
Ultrasonic C-scans and flash thermography showed successful resin infiltration, and repair 
efficiencies were calculated by quantifying the stiffness of the pristine, delaminated and 
repair panels.  Higher repair efficiencies were achieved for the static loading method over the 
drop tower method, as well as for thinner panels over thicker panels. 
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CHAPTER 1 INTRODUCTION 
Thesis Organization 
The following thesis is divided into several sections.  The first chapter introduces the 
topics associated with the injection repair of composites, including polymer matrix 
composites and types of damage.  In the next two chapters, two papers are presented.   
Chapter 2 discusses the undercure kinetics and mechanical properties of the cyanate ester 
resin to authenticate its use in the injection repair, along with quantifying the interfacial bond 
between the composite panel and resin.  Chapter 3 describes the injection repair process and 
its validation as a successful repair method for bismaleimide carbon fiber composites of 
varying thicknesses and damage methods.  For both papers, the first two authors did the 
primary research work and writing.  Following these chapters are the conclusions and 
recommendations for future work along with appendixes containing further undercure 
kinetics of the resin, documentation of the injection repairs, and a paper submitted for the 
2012 SAMPE conference. 
Carbon fiber composites 
The development of new materials for structural applications has gained attention in 
recent years due to the rapid growth of the aeronautics industry.  In earlier years, metals were 
the representative material used in airplanes due to their high strength, wide availability, and 
relatively low cost. However, the heavy weight of metal structural components resulted in 
high fuel consumption, prompting the search for alternative lighter materials.  Constructing a 
lighter aircraft is therefore a pivotal step towards higher fuel efficiencies, fewer emissions, 
lower operating costs, and overall sustainability in aerospace [1].  Besides being light weight, 
aerospace materials must also meet other qualifications.  Structural materials in the aerospace 
industry, especially those involved with the military, must be able to withstand demanding 
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conditions including extremely high temperatures, varying degrees of humidity, and other 
environmental effects.  Additional desirable qualities are long term stability, high impact 
strength and stiffness to resist damage, and resistance to corrosion and fatigue. 
Composites, especially polymer matrix composites (PMCs), became an area of 
interest after two significant inventions in the 1960s: graphite fibers and boron fibers.  
Composites made with these fibers have higher longitudinal strength and stiffness compared 
to the current metallic materials used on aerospace structures [2].  In particular, carbon fibers 
also have excellent tensile strength, high thermal and electrical conductivities, and good 
creep resistance [3].  Because of these attractive properties, carbon fibers are in high demand.  
In 2006, carbon fiber demand was divided between several industries: 28% aerospace and 
defense, 50% infrastructure, wind, oil, and gas, and 22% sports goods [4].   
Carbon fibers have been identified as an advantageous reinforcement component in 
composites.  Carbon fiber composites are attractive due to their high stiffness to weight ratio 
and significant weight savings of 10-30% compared to typical metallic materials. [5].  
Carbon fiber composites also have high resistance to environmental and chemical 
degradation as well as fatigue, resulting in longer service life.  Unlike most metals, the 
qualities of the carbon fiber composite can be chosen and modified to meet the properties 
required for the application.  For example, Li et al. found that oxidizing carbon fibers in 
nitride matrix composites increased the flexural strength and elastic modulus of the 
composite [6].  Carbon fiber composites have recently expanded to more primary structural 
components in aerospace, growing from only 3% usage in 1960 to the 50% used in the 
revolutionary Boeing 787airplane [7].  Another unique application of carbon fiber 
composites is the use in jet engines.  The GEnx engine by General Electric, used in the 
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Boeing 787, uses carbon fiber composites for the blades, fan case, and ducts, providing 
significant weight savings and about 15.4% less fuel use compared to engines used at similar 
cruising speeds [8].  Besides aerospace, carbon fiber composites are also used in applications 
such as Formula 1 racecars [9], sporting goods, and structural materials.   
Though advantageous in weight and strength, the use of carbon fiber composites as a 
structural material has several drawbacks.  Even though the strength and stiffness typically 
exceed that of metals, the low toughness of carbon fiber composites may result in faster and 
more extreme failures from impacts during the fabrication and operation stages [10]. Carbon 
fiber composites are also significantly more costly than metals due to material, 
manufacturing, overhead, and composite processing costs [11].   Environmental factors, such 
as temperature and humidity, can significantly affect the strength and durability of the 
polymers.  The matrix material, typically a thermoset, is often prone to moisture absorption 
through a diffusion process which is accelerated at higher humidity [12].  Moisture diffusion 
is typically a thermally activated process and is modeled by an Arrhenius equation.  
Therefore the higher temperatures and longer exposure times that are experienced in many 
aerospace applications may accelerate moisture absorption [12].  All of these factors must be 
recognized and considered when using carbon fiber composites as structural components.   
The selection of the matrix material directly affects the properties of the carbon fiber 
composite and is therefore critical to the success of the structure.  Because carbon fibers do 
not have significant strength in the transverse direction, a tough matrix material is needed to 
transfer the load between fibers and provide a strong interfacial bond between the two 
components [13]. One of the most common matrix materials for carbon fiber composites is 
epoxy.  Epoxy resins typically have high strength and stiffness at a wide range of 
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temperatures, making it a common matrix for PMC’s.  However, low stability due to 
relatively low glass transition temperatures prevents the use of epoxies in high temperature 
applications above 150 °C [14].  Epoxy resins also have low fracture toughness and are 
susceptible to delaminations [15]. Due to polarity of the functional groups, epoxy resins can 
also absorb high amounts of moisture which can further lower the glass transition 
temperature and undermine the mechanical properties of the resin and resulting composite 
[16].  For example, on carbon fiber epoxy composites, it was found that the interlaminar 
shear strength decreased by 25% when 2 wt.% moisture was absorbed [17]  To broaden the 
conditions under which carbon fiber composites can be used, alternative high temperature 
matrix materials have been found to replace the epoxy resin.  
Bismaleimide carbon fiber composites 
Bismaleimide carbon fiber (BMI-cf) composites, investigated in this study, are a 
relatively new class of composites that are used in various aerospace applications as a high 
temperature replacement to epoxy carbon fiber composites.  Bismaleimide (BMI) is a 
thermosetting resin with high tensile strength and stiffness, strong resistance to corrosion, 
and a high glass transition temperature typically above 230 °C [18].  BMI resins also have 
good thermal properties and can be processed in a variety of ways, such as liquid resin or 
prepreg material [19].  In addition, low volatiles and excellent thermal stability make this 
class of resins useful for high temperature aerospace and electronics applications [20].  
Although BMI resins typically exhibit brittle behavior, fillers can be added to achieve higher 
toughness in the final composite.  In a study by Xian and Choy, it was found that carbon fiber 
composites with a poly(ether sulfone) toughened BMI matrix had higher fatigue strength and 
damage tolerance compared to carbon fiber epoxy composites [14]. Thermoplastic modified 
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BMI resins also have exhibited a significant increase in fracture toughness while maintaining 
the low molecular weight and hence the low viscosity desirable in many applications [18]. 
Like other PMCs, elevated temperatures and absorbed moisture can be detrimental to 
the strength of the BMI-cf composites, shown in several studies.  As temperature increases, 
short and long term moisture absorption in BMI-cf composites increase due to diffusion and 
structural relaxation, respectively [12].  The resulting moisture absorbed may cause stresses 
and microcracks to develop that will affect the integrity of the composite. Similarly, long 
exposure times to high temperatures may cause fiber-matrix degradation, reducing the 
interlaminar shear strength and increasing deformation in BMI-cf composites [21].  This has 
been shown in a study by Luo et al where the stiffness and strength decreased by a third 
when oxidized for 1500 hours at 245 °C [22]. Therefore in the present work, steps were taken 
to minimize moisture absorption within the BMI-cf panel. 
Damage to composites  
Because of their complexity, the fracture mechanics of composites are drastically 
different compared to metals.  The fracture behavior of the composite depends on the 
properties of the two components as well as the interaction between them.   The modes of 
fracture and failure also depend on the lay-up and geometry of the composite, impact load 
and velocity, loading direction, and environmental factors [10,23].  In one study, it was found 
that increases in aging time, aging temperature, and oxygen concentration degraded the 
mechanical characteristics of the composite [24].  Another study showed that the number of 
dissimilar interfaces in the lay-up of carbon fiber epoxy composites changes the energy 
needed for delamination to occur [25].  With all of these variables, the types of damage and 
failure in composites are more diverse and involved, with some occurring concurrently.   
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When a composite is impacted by a projectile, shear and normal stresses develop 
within the composite.  Depending on the type and magnitude of impact, the resulting stresses 
will cause a progression of damages within the composite.  This typically consists of matrix 
cracking, followed by delamination and finally fiber breakage at higher loads [15,23]. Matrix 
or interlaminar cracking occurs first at low level impact energies.  As the severity of the 
damage increases, delaminations or cracks between the plies will develop, significantly 
lowering the strength of the composite.  At high levels of damage, the fiber fracture will 
occur, causing severe and potentially irreversible damage to the composites.  Other types of 
composite damage include but are not limited to fiber/matrix debonding, fiber buckling, and 
matrix crushing. 
As stated, the extent of resulting damage depends heavily on the energy of the impact, 
shown in Figure 1-1.  High energy impacts, usually caused by high speed projectiles, will 
cause surface and penetrating damage that is visibly detected, often requiring extensive 
repairing or complete replacement of the component.  By comparison, low energy impact, 
considered in the following chapters, may only cause internal defects, such as delaminations, 
that can be detected solely through nondestructive evaluation techniques, hence giving it the 
name Barely Visible Impact Damage or BVID [23]. For a composite system, the critical 
impact energy marking the transition from internal to visible damage can be found through 
impact test studies.  In a study by Sultan et al, three critical impact energy loads were 
determined, marking where the dominating fracture mode changed from matrix cracking to 
fiber cracking to major damage [23].  In another study, the impact energy applied to graphite 
epoxy composites was found to cause fiber breakage once it reached 15 Joules. [10].   
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Figure 1-1 Types of damage in composites [26] 
Delamination, or the formation of internal cracks between plies, is one of the most 
common fracture modes in composites and when undetected, can result in catastrophic 
failure of the composite.   Besides low energy impacts, delamination is typically caused by 
the development of stresses between plies that can be caused by manufacturing defects and 
environmental effects [27,28]. Defects typically occur during the manufacture of the 
composite part or when the composite component is being assembled. There are many types 
of defects including voids, incomplete resin cure, tolerance errors, debonding, and foreign 
body inclusions [29].  As discussed previously, environmental effects, such as temperature 
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gradients during curing and moisture absorption can cause residual stresses that may cause 
delamination and debonding [12].  
Delaminations can be detrimental to the strength of the composite, with a reduction in 
compressive strength of up to 50% [15,28]. The compressive strength has been shown to be 
significantly more affected than the tensile strength.  In a study by Harman and Rider, 
delaminations caused by low energy impact resulted in no change in the tensile strength, but 
compressive strength evaluated through compression after impact was only 40% of its 
original strength [30]. Delaminations also cause other structural effects such as stress 
concentrations, stiffness loss, and possible failure of the part [28]. In one study, bending tests 
were performed on delaminated carbon fiber epoxy panels.  After several millimeters of 
displacement, the delaminations began to propagate and a drastic drop in force was observed, 
simulating the failure of the composite [31].  Therefore thorough detection is needed to 
locate delaminations and defects that could lead to composite failure.  Detection methods 
include ultrasonic scanning, low frequency vibration methods, and thermography, several of 
which are used in this study [32].  
Extensive research has been done to understand delamination.  Delamination growth 
is governed by the three major fracture modes and mixed mode combinations.  By analyzing 
the energy release rates and stress intensity factors of all three modes, one can determine the 
stress state at the crack tip and therefore predict delamination [27].  Determining the critical 
interlaminar fracture toughness and using it in conjunction with fracture analysis can also 
help researchers understand delamination behavior [15].  Fractographic analysis can be used 
to identify fracture features and increase understanding of fracture modes, as shown in 
several studies of carbon fiber composites [33, 34].  Various methods can be used to help 
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prevent delaminations and their propagation, such as selection of the matrix and 
reinforcement components.  For example, it was found that switching the matrix from epoxy 
to bismaleimide resulted in a toughening effect that increased the strength of the matrix and 
created a stronger interface bond between the matrix and fibers [15].  Incorporation of a filler 
into the matrix, as stated previously, can also make the composite tougher and resistant to 
delamination.  Finally, performing a surface treatment on carbon fibers has been shown to 
strengthen the fiber-matrix interface, leading to an increase in interlaminar fracture toughness 
and resistance to delamination [35, 36]  But with the constant risk of delamination, methods 
must be investigated to temporarily or permanently repair damaged components. 
Repair methods 
Depending on the severity and type of damage, there are several ways to approach the 
repair of a damaged composite part.  For widespread and severe damage, the composite part 
may have to be removed and completely replaced, an expensive and timely procedure.  
However, for smaller, more localized damage, it is advantageous to isolate and repair the 
damaged area to save time and money as well as maintaining the integrity of the structure.   
Patch repair 
One common repair method is the use of composite patches.  A patch, typically made 
from composites, is bonded over the damaged area.  The patch is used to transfer loads 
throughout the part and in the process avoid applying further stress to the damaged area.  
Patch repairs typically require limited surface preparation, are easy to disassemble, and are 
typically mechanically bonded with screws, [37].  However fasteners often cause stress 
concentrations that can cause further damage, making adhesive bonding advantageous [38].  
In one study, the stress concentration factor was reduced by 30% when the adhesive 
composite patch was used instead of fasteners [39].  Though effective at transferring loads, 
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careful surface preparation must be made for adhesive bonding, and pressure may be needed 
to create the bond, potentially damaging the part further [38].  The selection of surface 
treatment must also be considered, as some, such as grit blasting, may cause surface damage 
and adversely affect the bond strength [37].  Though simple, the composite patch simply 
covers the damaged area and internal damage such as delaminations remains unrepaired.  The 
patch also sits above the line of the structure’s surface, which may affect the aerodynamics of 
the composite.   
Scarf repair 
A more aerodynamic method, similar to the patch repair, is the scarf repair.  In a scarf 
repair, the damaged area is removed or “scarfed” and an angular patch is manufactured to 
directly fit the area.  Though considerably more involved, scarf repairs provide a less 
expensive alternative to the replacement of thick primary components by producing more 
reliable and aerodynamic repairs [29,40].   Scarf repairs have also been shown to give 
additional strength to the composite.  In a study by Harman and Rider, the compression after 
impact strength of the pristine laminate was only 70% the strength of the scarf-doubler repair 
joints, showing that the repair provided additional strength to the composite [30].  Compared 
to patch repairs, a proper scarf repair will eliminate adhesive strength concentrations and 
have a higher strength as shown by Harman and Wang [40].  
Although effective, this method has several drawbacks.  As with the typical patch, the 
scarf repair does not directly repair internal damage.  The angled scarf patches are also 
difficult to manufacture, require the removal of undamaged composite material, and are often 
prone to creep due to shear stresses [29,41].  Scarf repairs are often not performed on thin 
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components because the angles cannot be machined properly.  Therefore it is desirable to 
find a more stable and direct repair method. 
Injection Repair 
The method investigated in the present work is the injection repair method, shown in 
Figure 1-2.  In contrast to the overlaying of the damaged area in the patch and scarf repairs, 
the injection repair process injects a low viscosity resin into the damaged area.  Once the low 
viscosity resin is injected, the resin spreads throughout the delaminated area, infiltrating the 
microcracks and repairing the panel internally.  The injected panel is then subjected to a high 
temperature cure schedule to create a hardened crosslinked resin.  This method is commonly 
used for minor damage consisting primarily of delaminations and debonding within the 
composite [42].  The injection repair method can also be used in conjunction with patch  
  
Figure 1-2: Injection repair 
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methods to repair severely damaged components.  Unlike the previously discussed methods, 
the injection repair directly repairs the damaged area rather than simply covering the damage/  
Injection repairs also help to retain the aerodynamics of the composite part.  Like any repair 
method, the injection repair technique must be evaluated and validated on each type of 
composite to prove its effectiveness.    
As with the requirements for the composite, the injection repair must be able to 
withstand the environmental conditions of the application.  An unstable repair could result in 
further damage to the composite part.  The repair should also have sufficient strength and 
stiffness, potentially recovering the strength lost from the pristine composite.  The injection 
repair process has proven successful in restoring strength to the composite in other studies.  
In a study by Wu et al, the injection repair technique was found to achieve a repair efficiency 
of 98% on graphite epoxy composites when all delaminations were filled [43].  Injection 
repair has been successfully used on applications other than composites, including increasing 
the stiffness in cracked reinforced concrete [44] and repairing minor cracks in car 
windshields.  
The selection of the injection resin is critical to the quality and effectiveness of the 
repair.    Specified by Sheng et al, the resin should meet the following requirements [45].   
First, a low viscosity achievable under a wide range of conditions is desired to achieve quick 
and complete infiltration into the delaminations.  Second, to be stable at the high 
temperatures withstood by aerospace structures, the resin must have a glass transition 
temperature (Tg) exceeding the maximum service temperature.  The combination of a low 
viscosity and high Tg has been a perpetual problem in finding suitable resins for the injection 
repair.  Third, the resin should achieve a strong adhesive bond with the substrate upon curing 
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to ensure a quality repair.  Finally, since the repair may be semi-permanent, the resin should 
be stable and have low toxicity.  Selection of a resin without any of these qualities may fail to 
repair the composite and cause further damage.  Epoxy resins are commonly used for 
injection repairs, but their low Tg prevents the use of injection repairs for high temperature 
environments.  Demonstrating the use of a resin with satisfactory viscosity and Tg 
requirements would expand the application of injection repairs to more vigorous 
environments. 
Bisphenol E Cyanate Ester 
Bisphenol E cyanate ester (BECy) was chosen as a possible replacement to epoxy 
resins for the injection repair of the bismaleimide carbon fiber composite.  BECy is from the 
cyanate ester resin group, a class of thermosetting resins that are cured through a 
cyclotrimerization process involving three cyanate groups forming a triazine ring [46].  
Cyanate esters are characterized by their reactive end groups (-O-C---N) connected to an 
aromatic ring as shown in Figure 1-3 [47].  Cyanate esters are attractive to many industries 
because of several desirable properties, including a wide processing range, low toxicity, 
 
Figure 1-3: Bisphenol E cyanate ester monomer 
excellent dielectric properties, good adhesion, and high strength when cured [47, 48].  Higher 
fracture toughness compared to epoxies results in increased resistance to microcracking when 
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used in composites [46]. Therefore cyanate esters have gained significant attention in recent 
years, and are suitable for applications in the electronics, aerospace, and adhesion industries 
[48].  Examples of cyanate ester applications include dielectric films, prepreg material, 
radomes on military aircraft, and substrate lamination for printed circuits [48, 49].  Cyanate 
esters can also blend with other resins such as epoxies, resulting in enhanced properties 
including higher glass transition temperatures, lower moisture absorption, and lower 
viscosity [16].  As with most thermosets, cyanate esters are subject to accelerated 
decomposition from moisture and oxidative degredation, hence precautions must be taken 
when using in certain environments [48]. 
 
 
Figure 1-4 Tg of cured polymers vs. temperature for the corresponding monomer with viscosity of 0.15 Pa•s.  [50] 
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BECy is a unique thermosetting resin due to the combination of high temperature 
stability while maintaining a very low viscosity at room temperature.  As shown in Figure 1-
4, as the Tg of cured thermosetting resins increase, the viscosity at room temperature linearly 
increases, unable to maintain the low viscosity needed for certain applications [50].  BECy 
contradicts this trend, maintaining a low viscosity of 0.09-0.12 Pa s [51] at room temperature 
with a fully cured Tg greater than 250 °C [48,52], making it an excellent choice for high 
service temperature injection repairs.   The low viscosity is partially due to asymmetric 
structure, giving the monomer increased rotational freedom.  Besides the low viscosity and 
high temperature applicability, BECy has several other characteristics that make it a viable 
injection repair resin such as very low toxicity, with less than 1% volatile content before 
curing, and a very high decomposition temperature [45].   
As recommended by the manufacturer, BECy typically undergoes a high temperature 
postcure at 250 °C to achieve a fully crosslinked state.  The high postcure temperature is not 
achievable in some applications; hence it is desirable to have a resin that can reach the 
required Tg at a lower cure schedule or a partially cured state.  Studies have therefore been 
performed, in previous and the present work, to investigate the cure kinetics of the BECy 
resin.  BECy has previously been shown by Sheng et al. to reach significant degrees of 
crosslinking when cured at temperatures 200 °C and under, significantly below the post cure 
temperature [45].  It was therefore worth investigating whether the corresponding Tg's of 
undercured BECy can near that of the fully cured resin.   
In addition, the mechanical strength of the injection resin must also be sufficiently 
high.  In a successful injection repair, the resin must have sufficient strength to help restore 
stiffness to the damaged composite, guarding against future damages.  As a repair resin, 
16 
 
BECy has outperformed other similar thermosets in mechanical and adhesive bonding tests.  
In a study by Thunga et al, adhesive strength and interlaminar fracture toughness of repaired 
bismaleimide panels was much higher when using the BECy resin compared to a typical 
epoxy [53].  When considering undercured BECy resin, however, the strength may not be 
sufficient for composite repair.  As a thermosetting resin is cured, the free volume associated 
with the reactive ends decreases, typically resulting in an increase in modulus and density 
[54].  Consequently, higher degrees of crosslinking will typically result in higher stiffness 
and strength in thermoset materials.  Therefore, when a resin is only partially cured, the 
lower degree of crosslinking may result in decreased strength compared to the fully cured 
resin.  It was therefore necessary to investigate the strength of partially cured resin to validate 
its use in the injection repair.  
The interaction between BECy and bismaleimide carbon fiber composites is also 
favorable for injection repairs.  As stated previously, wettability of the resin on the substrate 
is important for quality repairs.   In terms of composite manufacturing, using a resin with 
good wettability for the matrix will result in better infiltration into the fiber lay-ups, reducing 
voids and air entrapment in the final composite. Resin wettability can also be enhanced by 
using nanofillers, as shown by Fu et al. through their work with modified epoxy resins [55].  
For injection repairs, the inadequate wettability may prevent the resin from infiltrating the 
entire damaged area, and unfilled delaminations will lessen the strength of the repair.  
Contact angle tests in the present work have shown that the resin has good wettability, 
quickly spreading on fractured plies of the composite. The adhesive strength between the 
injection resin and composite was also investigated in this study, as it is critical to the 
reliability of the repair.  Without good adhesive behavior, the resin will not strongly bond to 
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the delamination surfaces upon curing, lessening the quality of the repair.  Moisture 
absorption, into the resin and composite, has also been shown to have detrimental effects on 
bonded repairs and joints, especially those in high temperature applications [56].  A previous 
study has shown that pre-bond moisture can cause bond-line porosity, causing up to a 20% 
decrease in tensile strength of adhesively bonded repairs [57].  Shown in Figure 1-5, moisture 
may cause bubbles to form at the bond line between the composite and resin, which 
decreases the strength of the bond line.   
 
Figure 1-5: Moisture effect on bond line of bonded composite 
In summary, the BECy resin was selected as an alternative to epoxy for the injection 
repair of military grade BMI-cf composites.  Injection repair using epoxy resins has been 
validated on many systems, but the use of a resin with the unique combination of a high Tg 
and low viscosity has not.  The justification for using this resin will allow the injection repair 
process to be more readily performed on high temperature applications.  The investigation of 
this method in a lab setting is the first step towards validating this method for onsite repairs.  
All steps and variables must be carefully explained to provide an injection repair procedure 
that will yield quick and reproducible repairs that are reliable when implemented in the field.  
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After the injection repair process has been proven successful and beneficial, the process can 
be moved on to full scale composite parts, including curved components. 
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Abstract 
 
The increasing use of polymer matrix composites (PMCs) in structural applications 
created demand for advanced repair techniques to fix internal delaminations in PMCs. One of 
a variety of repair techniques is injection repair, which involves injecting a low viscosity 
resin directly into the damaged area and subsequently curing the resin to heal the damage. In 
this study, bisphenol E cyanate ester (BECy) was investigated as a potential resin for 
injection repair of bismaleimide-carbon fiber based composite panels for aircraft. 
Temperature sensitive repair applications required a technique that avoided the high 
temperature post cure of the injection repair resin. Modulated differential scanning 
calorimetry (MDSC) experiments were used to examine the degree of crosslinking and the 
glass transition temperature (Tg) of undercured injection repair resin. The chemistry of 
crosslinking in undercured-BECy was studied by Fourier transform infrared spectroscopy 
(FT-IR). Lap shear tests of the undercured injection repair resin on composite substrates 
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revealed the influence of change in isothermal undercure temperature on the bond strength. 
Temperature dependent dynamic mechanical analysis disclosed the significance of sub-Tg 
relaxations on the adhesive properties of the undercured resin. Post-fracture surface analysis 
of the lap shear specimens, performed using SEM micrographs, indicated a mixed mode of 
fracture in the form of a combination of resin and resin-composite interface failure.  
Keywords  bisphenol E cyanate ester, polymer matrix composites, injection repair, adhesive 
strength. 
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Introduction 
Polymer matrix composites (PMCs) are becoming more prevalent in structural 
applications.  Excellent mechanical properties together with lighter weight make PMCs 
desirable replacements for their metal counterparts [1].  With their growing use in aircraft 
and aerospace industries, new on-site repair methods must be developed to fix damages 
incurred while the composites are in service. Damaged PMCs on such complex structures 
often exhibit delaminations or microcracks that can drastically affect the integrity of the part 
[2].  Resin injection repair is a well-established technique used to perform onsite repairs on 
damaged parts. The key procedures involved in this technique are: 1. Cleaning the 
delaminated area with low viscosity solvent. 2. injecting the resin into the damaged area, 3. 
allowing it to infiltrate into the internal cracks, and  4. subjecting the composite to heat in 
order to cure the injected resin.     
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The choice of resin plays a critical role for the success of injection repair operation.  
Russell et al. determined that in general, suitable resins must meet several requirements, such 
as high glass transition temperature, meeting the service temperature limits, high fracture 
toughness after cure, low toxicity, and long-term stability [3]. Low ambient viscosity is also 
desirable to achieve good infiltration into the delaminations. The resin should also be 
compatible with the composite panel, providing good wettability before curing and high 
adhesive strength after curing. 
High temperature cyanate ester thermosets are widely used as injection repair resins.  
Cyanate ester monomers with two or more cyanate ester (-O-C≡N) functional groups can 
undergo a thermally initiated cyclotrimerization reaction [4]. High thermal stability and 
superior mechanical properties make cyanate esters suitable for high temperature applications 
in the aerospace and electronics industry [5]. Cyanate esters offer several advantages over 
other thermosets, such as amine curing epoxies, including resistance to moisture absorption, 
exceptional adhesive properties, and low toxicity [5,6]. For example, bisphenol E cyanate 
ester (BECy), the resin used in the present work, outperformed  an epoxy (Epon 828) in all 
mechanical tests, even at high temperatures (200 °C) [7]. 
BECy belongs to the group of polycyanurates that form a crosslinked structure once 
they undergo the cyclotrimerization process [8].  BECy is particularly unique because of its 
distinctive combination of a high Tg and low viscosity at room temperature [9].  Most high 
temperature thermosets require higher temperatures with increasing Tg to achieve low 
viscosities suitable for injection repairs.  BECy is an exception to this trend, making it an 
excellent choice for many applications.  BECy’s low viscosity, caused by the rotational 
flexibility of the BECy monomer structure (Figure 2-1), makes it easy to process at low 
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temperatures [10].  Good fiber wetting along with a glass transition temperature of 270 °C 
when fully cured qualifies BECy for high service temperature repair applications. One study 
showed that the use of carbon-fiber reinforced BECy resulted in promising patch repairs of 
several composites [11].   
 
Figure 2-1: BECy monomer and networked structure (cured) 
 
To achieve a fully cured state with good mechanical properties, BECy has to undergo  
post-cure processing at 250 °C for two hours. Because this post-cure temperature may be 
impractical and in some cases even unsafe for certain temperature sensitive repair platforms, 
suitability of under-cured resins to meet the requirements for the injection repair was 
investigated. The cure schedule directly affects the glass transition temperature and other 
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properties in thermoset materials [12]. Curing the thermoset at a lower cure temperature may 
result in a repair material that is not fully crosslinked, leading to a lower Tg and potentially a 
decrease in mechanical performance.  To determine whether the BECy resin meets the 
requirements for injection repair prior to post-cure, it is necessary to analyze the cure kinetics 
and the mechanical properties of under-cured BECy resin. Reams et al. investigated the late 
stage cure kinetics of BECy  and other resins with similar structures to understand what 
effect the degree of conversion (α) has on glass transition at several temperatures [13].  It was 
concluded that the curing temperature dominates the curing time in determining the glass 
transition temperature (Tg).   
Under-cured resins do not achieve a fully crosslinked state, therefore tests must be 
performed to determine whether the strength of under-cured resins matches the strength of 
the fully cured resin. Lapique and Redford conducted tensile and three point bend tests with 
under-cured epoxy resin adhesives and concluded that initially the mechanical strength 
increased and then plateaued as time and temperature increased during the cure schedule 
[14]. In addition to the strength of the bulk resin, the resin-composite interface also critically 
influences the success of the injection repair process. This resin-panel interface must be 
strong enough to withstand further damages.   
The present work was primarily focused on optimizing the cure schedule of BECy 
resins used for injection repair by studying the effect of isothermal under-cure temperature 
on ultimate adhesive strength. Modulated differential scanning calorimetry was used to 
determine the influence of isothermal under-cure temperature on the conversion of bi-
functional cyanate ester (-O-C≡N) monomer into a polycyanurate network. The ultimate goal 
was to identify the optimal under-cure temperature to gain maximum possible Tg and α in the 
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injected resin. The correlation between cure schedule and conversion was further studied by 
FT-IR spectroscopy. The effect of cure schedule on the adhesive bond strength of BECy on 
the composite substrate was measured  and optimized to achieve maximum bond strength. 
Engineering the cure behavior of BECy not only expanded its application to repair operations 
on temperature sensitive platforms, but also provided valuable information on the physical 
and mechanical properties of under-cured BECy before gelation.  
Experimental 
Materials 
The repair resin was prepared by adding a small amount of liquid phase 
organometallic-based catalyst (3 parts per hundred of EX-1510-B, Tencate Technologies, 
Morgan Hill, CA.) to bisphenol E cyanate ester (BECy, Tencate Technologies, Morgan Hill, 
CA.).  The mixture was stirred for 10 min with a magnetic stir bar, followed by degassing at 
25 mm Hg vacuum for 20 min to eliminate the absorbed air.  Samples were cured at various 
isothermal temperatures with a temperature ramp of 1 °C/min in a convection oven.  A fully 
cured sample was prepared as reference by curing at 180 °C for 2 h (standard curing 
schedule), followed by a post-cure step at 250 °C for 2 h.   
The composite used is HexPly M65 by Hexcel Corporation (Stamford, CT) is a 
bismaleimide-carbon fiber composite unidirectional pre-peg. Sixteen ply unidirectional (0) 
laminates were used as substrates for compression lap shear testing.    
Cure Kinetics of Under-cured BECy  
The properties of BECy resins cured at various temperatures and time schedules were 
evaluated using modulated differential scanning calorimetry (MDSC) tests on a Q2000 DSC 
by TA Instruments (New Castle, DE).  Rather than using a constant temperature ramp, the 
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temperature was modulated at a certain amplitude and heating rate throughout the test.  This 
allowed the recording of heat flow into reversible and non-reversible components, making it 
easier to distinguish between the reversible (glass transition) and non-reversible (heat of cure 
reaction) processes, respectively.  BECy was subjected to a series of under-curing schedules 
at three different isothermal temperatures ranging from 120  to 180 oC with a 30 oC step and 
a full cure schedule (2 h at 180 oC followed by 2 h post-cure at 250 oC). A total of 15 samples 
were manufactured for each temperature, each containing 8–12 mg of degassed BECy in a 
hermetically sealed aluminum pan.  Samples were subjected to various holding times at the 
cure temperature, ranging from 0 minutes to 12 h.  The samples were heated at a ramp rate of 
1 °C/min, and the holding time was recorded once the oven reached the chosen temperature.   
Helium was used as the purge gas, while liquid nitrogen was used to provide the temperature 
modulation in the DSC experiments.  Each sample was heated from room temperature to 350 
°C at a rate of 3 °C/min.  The modulated temperature varied by ± 1 °C every 60 s.  Glass 
transition temperatures (Tg) and degree of cure (α) were calculated from MDSC data. 
Infrared Spectroscopy 
A Fourier transform infrared (FTIR) spectrometer (Bruker IFS66V FT-IR) was used 
to collect infrared spectra of catalyzed BECy samples prepared following four different cure 
schedules. For FT-IR measurements, the samples were pulverized and pressed into thin and 
transparent KBr pellets. The spectra were collected using 16 scans at a resolution of 4 cm-1.  
Mechanical Characterization 
Dynamic mechanical analysis (DMA) tests were carried out on a DMA-Q800 from 
TA Instruments (New Castle, DE) in tensile mode. The temperature dependent dynamic 
mechanical properties and the glass transition (Tg) behavior of under-cured BECy were 
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studied.  The under-cured bulk BECy samples were machined into 10 × 2 × 1 mm blocks.  A 
preload of 0.01 N and dynamic strain amplitude of 20 µm were used in the test program.  The 
samples were equilibrated at room temperature for 5 min, and then ramped to 350 °C at a rate 
of 3 °C/min.  Compressive tests were performed as per ASTM D695 standard for rigid 
plastics on the bulk BECy to determine how the cure schedule affected the bulk mechanical 
strength of the resin under compression [15].  The under-cured bulk samples were cast in 
25.5 × 12.7 × 12.7 mm (1 × 0.5 × 0.5 inch) molds. At least five specimens for each cure 
schedule were tested using an Instron 5569 tensile testing machine (Norwood, MA), at a rate 
of 1.3 mm/min.  The average maximum compressive load and the standard deviation were 
recorded and graphed.  
To study the bond strength of BECy on the composite substrate, lap shear tests were 
conducted in compressive mode following ASTM standard D 3846 [16]. In contrast to 
typical lap shear tests in tensile mode, the specimens were compressed until a significant 
drop in bond strength was observed.  This is a standard method used for testing the in-plane 
shear strength of reinforced plastics. Two 81.28 × 12.7 mm (3.2 × 0.5 inch) pieces of 16 ply 
composite laminate, pre-sanded and dried at 120 oC, were adhered with degassed BECy 
resin. A piece of scrim cloth was used to maintain the thickness of the bond line; then 
samples were subjected to the desired cure schedule.  The samples were pre-notched as 
shown in the Figure 2-2 (left) to localize bond failure for an accurate estimate of bond 
strength.  The specimen was then placed in the fixture shown in Figure 2-2 (right) and 
subjected to a compressive load at a loading rate of 1.3 mm/min (0.05 in/min).  The 
compressive stress at break was recorded as the bond strength at the resin-composite 
interface.   
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the  
Figure 2-2 Compression lap shear test setup with lap shear specimen geometry on the left and testing fixture on the 
right 
To determine the method of fracture encountered during the compressive lap shear 
tests, the fracture surfaces were examined using a Hitachi S-2460N variable pressure SEM 
(VP-SEM) scanning electron microscope under helium atmosphere. The SEM images were 
collected at an accelerating voltage of 20 kV from a working distance of 25 mm. The high 
magnification SEM micrographs were compared to the overall fracture surface images 
collected with an optical microscope (OM). The comparison revealed whether the bonded 
surface broke as a result of resin failure, composite failure, or a combination of both.   
Results and Discussion 
Cure Kinetics of Under-cured BECy 
Under-cured BECy was used to determine the influence of late stage isothermal 
curing of BECy on the degree of conversion (α) and the glass transition Tg.  In order to 
precisely determine the glass transition temperature and degree of cure from the reversible 
  
  
32 
 
and non-reversible heat flow respectively, modulated differential scanning calorimetry 
(MDSC) was used instead of conventional DSC. The extent of cyclotrimerization by 
unreacted cyanate groups in the undercured samples was determined using Equation 1. 
 = 	
(∆∆	)
∆
          (Eq. 1) 
where H0 was the total heat of reaction determined as 868.7 Jg-1 from the DSC scan of the 
uncured sample and Hr was the residual heat of reaction of the under-cured resin. The change 
in glass transition (Tg) temperature and degree of cure (α) for a series of under-curing 
regimes, ranging from 120 – 180 °C with 30 oC incremental steps, is shown in Figure 2-3a 
and 2-3b. Within two hours of isothermal curing, an increase in cure temperature resulted in 
a rapid increase in degree of conversion and Tg which was primarily driven by the kinetics of 
crosslinking [17]. After several hours of cure, the degree of cure leveled and the rate of 
reaction decelerated, indicating a diffusion controlled cure reaction. The transition from  
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reaction to diffusion control during crosslinking is indicated by arrow marks in Figure 2-3b. 
The late stage curing of BECy resulted in an increase in the degree of conversion from 74 to 
94 % as the isothermal cure temperature increased from 120 to 180 oC.  Similarly, the Tg 
increased from 137 to 227 oC within the cure temperature range.  A maximum Tg of 227 °C 
was obtained at 180 oC after 11 hours, which is only 43 °C lower than the Tg of 270 °C for 
the fully cured resin. In general, the choice of best suited Tg in a resin depends on the 
application. For instance, a fully cured Tg is highly recommended for BECy resins used in 
structural applications with high demands on dimensional stability [18]. However, in this 
study BECy was used as an adhesive in an application where the service temperature limits 
for the repair platform prohibit high temperature post-curing of the resin.  
The wide range of Tg’s measured at different degrees of conversion in Figure 2-3a and 
2-3b may be used as a scale to optimize the cure schedule. In order to determine the optimum 
cure schedule, the relation between Tg and α as well as the bond strength of the undercured 
resin on composite substrates must be taken into consideration. To model the dependency of 
Tg on the degree of conversion, the isothermal undercure data was fitted with the 
DiBenedetto equation [19]. In partially cured thermosets, the concentration of randomly 
mixed unreacted monomer and fully reacted network can be interpreted by determining the 
level of conversion using the DiBenedetto empirical equation (Eq. 2).   


	= 	

()
         (Eq. 2) 
where Tg0 is the glass transition temperature of the uncured monomer and Tg∞ is the glass 
transition temperature of the fully reacted network. The parameter λ corresponds to the 
change of specific heat at glass transition.   
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Figure 2-3c shows Tg data as a function of conversion obtained after partial curing of 
BECy. The experimental data shows good agreement with the values predicted by the 
DiBenedetto model. The model predicted values of Tg0, Tg∞ and λ as -37 oC, 269 oC, and 0.34 
respectively. These values are in agreement with the values reported by Sheng et al. [6] for 
isothermal curing of BECy.  
Chemistry of Crosslinking in Undercured BECy 
The degree of conversion of cyanate ester (-O-C≡N) functional groups into a 
polycyanurate network  by cyclotrimerization reaction in pre-cured BECy was examined by 
FTIR. The FTIR spectra of BECy monomer and BECy polymer cured at different under-cure 
temperatures are shown in Figure 2-4. The changes in the characteristic absorption band for 
C≡N around 2200-2300 cm-1 was used to quantify the conversion of  -O-C≡N functional 
groups to trimerisates of  polycyanurate [20,21]. After post-curing at 250 oC for 2 hours (full 
cure), the peaks in the 2200–2300 cm-1 wavenumber range effectively disappeared with a 
pronounced absorption band for triazine rings appearing near 1360 and 1570 cm-1.   
The complete disappearance of the cyanate ester band confirmed the completion of 
the cure reaction. The decrease in the cyanate ester absorption band and the increase in peak 
intensity for triazine rings indicated an increase in conversion with the increase in cure 
temperature from 120 oC to 180 oC.  The difference in peak intensities reflecting the 
conversion for samples cured at 150 and 180 oC is insignificant; it may have been caused by 
a difference in concentrations of BECy in the KBR pellet. However, there is a progressive 
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Figure 2-4 FTIR spectra of BECy monomer and under-cured resins compared to fully cured sample 
increase in area under these peaks when measured relative to the C-H stretching at 2980 cm-1 
which was used as an internal standard to quantitatively represent the conversion of the -O-
C≡N groups [20]. The change in areas measured under the absorption peaks of cyanate ester 
(-O-C≡N) and triazine functional groups with increasing cure temperature are listed in Table 
2-1. The degree of conversion calculated from the area under the peak between 2200-2300 
cm-1 increased from 52 % to 89 % with cure temperatures increasing from 120 oC to 250 oC. 
The degree of conversion for the under-cured resin measured by FTIR differed from DSC 
results, this could be due to difference in the measuring mechanism used to calculate 
conversion.  
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Table  2-1 FTIR analysis of BECy cured at different cure temperatures and degree of conversion from MDSC 
Cure schedule Area under 
the peak 
between 
2200-2300 
cm-1 
Area under 
the peak at 
1360 cm-1 
Area under 
the peak at 
1570 cm-1 
Degree of 
conversion 
measured 
by FT-IR  
 
% 
Degree of 
cure 
measured 
by MDSC 
(%) 
Uncured 
monomer 
11.1 0.1 0.5 0 0 
12 h at 120 oC 5.3 11.7 9.9 52 75 
12 h at 150 oC 4.1 13.5 11 63 84 
12 h at 180 oC 2.8 14.5 11.2 74 94 
Full cure 1.2 15.5 11.9 89 99 
 
Influence of Under-cure Temperature on Dynamic Mechanical Analysis (DMA)  
The dynamic mechanical storage modulus (Gʹ) is a valuable tool for the 
characterization of the extent of cure in under-cured glassy thermosets. In general, the 
formation of a crosslinked network in thermosets is completed only when the resin is cured 
above its Tg.  In comparison, using an under-cure regimen decreases the Tg of the material 
because of either partial or incomplete network formation. The changes in storage modulus 
(Gʹ) and damping factor (tan δ) for BECy cured at different under-cure temperatures are 
shown in Figure 2-5a and 2-5b, respectively. The Gʹ of fully cured BECy showed an 
extended glassy plateau until the temperature reaches 269 oC, followed by a significant drop 
in modulus. This drop in Gʹ represents the glass transition temperature Tg , also identified by 
a maximum in the damping factor tan δ (Gʹʹ/Gʹ) (Figure 2-5b).   For under-cured samples,  
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the Tg corresponding to the primary maximum in tan δ increases significantly with an 
increase in precure temperature from 120 to 180 oC.  The insert in Figure 2-5a shows a linear 
relation between Tg and under-cure temperature. The conversion of uncured phase to 
crosslink network with increasing cure temperature resulted in increasing Tg. The shift in 
glass transition to higher temperatures was caused by the decrease in the segmental mobility 
of BECy chains attributed to newly formed crosslinks.  
The tan δ curves for different under-curing regimes shown in Figure 2-5b indicate 
multiple transitions with apparent maximum peaks in the curves.  These transitions indicate 
the nature of network formed in under-cured BECy. Unlike conventional polymer blends, 
where multiple Tg’s are caused by phase separation of blend components, the transitions 
observed in the present samples are due to the continuation of progress in network formation. 
The under-cured samples initially underwent a glass-rubbery transition (primary transition) 
caused by the crosslinked network in under-cured samples. After completion of the primary 
transition, the cure reaction progress with increase in temperature resulted in additional peaks 
after primary transition. However, the number of successive maximum peaks in the tan δ 
curves decreased with under-cure temperatures increasing from 120 to 180 oC.  The decrease 
in number of such transition peaks can be attributed to the reduction in concentration of the 
residual uncured phase. Hence, the fully cured sample showed a single Tg peak, indicating the 
complete conversion from undercured gel to fully cured, crosslinked network.   
In the samples investigated here, the intensity of the primary tan δ peaks (Tg) may 
further provide qualitative information about the glassy phase formed during isothermal 
curing. The primary peak intensity of samples cured at 120 oC was higher relative to the 
samples cured at higher temperature (150, 180 oC, and full cure). As the isothermal under-
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cure temperature increased, the intensity of the Tg peak decreased. Generally, the intensity of 
the tan δ peak of Tg corresponds to the segmental flexibility near the glass transition. The 
segmental flexibility is inversely proportional to the density of crosslinking, explaining the 
decreasing trend in intensity of Tg peak with an increase in degree of cure. In addition to 
network density, the residual uncured phase may further enhance segmental flexibility. The 
uncured BECy resin, which is entangled with the crosslinked glassy phase, may provide a 
plasticizing effect to the segmental relaxation near the Tg. Hence, a reduction of the uncured 
phase with an increase in conversion may further influence the intensity of the glass 
transition peak in under-cured BECy. 
Effect of Under-cure Temperature on Mechanical Properties of Bulk BECy 
In order to further investigate the influence of cure schedule on the mechanical 
performance of under-cured resins, compressive tests were conducted on bulk BECy. The 
compressive stress-strain curves shown in Figure 2-6a correspond to one of five specimens 
tested in each batch. Generally, the stress strain curve of polymers in a glassy state exhibits 
two regimes: The low strain response within the linear viscoelastic limits and the non-linear 
stress-strain behavior beyond yield point. Below Tg, the low strain regime is primarily 
controlled by the thermomechanical history and local segmental dynamics [22] while the 
non-linear behavior at high strain beyond yield point is controlled by the crosslinking density 
of the polymer [23]. However, determining the material behavior under high strain associated 
with the deformation of a bulk polymer network is difficult because of the limited availability 
of experimental data beyond yield point. Since the chemical composition and the sample 
preparation method were maintained constant for all materials, the effect of 
 
41 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
thermomechanical history on the mechanical response did require consideration. Thus, the 
local segmental dynamics were determined as the root cause for the observed variation in 
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Figure 2-6 Uniaxial compression test of fully cured BECy compared to undercured resins; a) 
stress and strain curves of under-cured BECy; b) modulus and yield strength of undercured 
BECy 
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bulk mechanical strength of the resin. Figure 2-6b illustrates the influence of cure 
temperature on the deformation behavior at low strain.  This can be studied as a function of 
elastic modulus and yield strength of the material. These results indicate that with increasing 
cure temperature the modulus and yield strength decreased. It was expected for the fully 
cured sample to exhibit the highest strength because it had the highest Tg and the highest 
degree of crosslinking.  However, Figure 2-6b shows that the strength of the fully cured 
sample was substantially lower than that of the under-cured BECy.  Similar inverse 
relationships between Tg and mechanical properties have been reported earlier for epoxy 
based thermoset resins [24] and were attributed to the segmental dynamics under sub-Tg 
relaxation. The trends of tan δ peak corresponding to segmental relaxations seen in Figure 2-
5b are consistent with this explanation. Therefore, the observed decrease in modulus and 
yield strength with increasing cure temperature was attributed to the segmental mobility 
responsible for Tg relaxations.   
Effect of Undercure Temperature on the Adhesive Strength of BECy 
Compressive lap shear tests were used to determine the bond strength of under-cured 
BECy resin on composite substrates. The specimens were subjected to compressive load 
instead of tensile load, eliminating possible first ply failure which helps reduce the large 
standard deviations observed in typical tensile lap shear test. The bond strengths of samples 
prepared by applying isothermal under-curing schedules were compared to the strength of 
fully cured samples. Three critical under-curing schedules (12 h at 120 °C, 12 h at 150 °C, 
and 12 h at 180 °C) were chosen based on the cure kinetics data.  Five specimens from each 
cure schedule were tested and the average strength of the bond line was determined and 
plotted. As shown in Figure 2-7, the bond strength increased by 50 % with an increase in 
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isothermal cure temperature from 120 °C to 150 °C. On further increase in the cure 
temperature, the lap shear strength seemed to decline. 
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Figure 2-7 Lap shear strength of BECy adhesive cured at various temperatures 
The fully cured (2 h at 180 °C followed by 2 h at 250 °C) specimens exhibited lower 
bond strength (20 MPa) than all under-cured samples. Although typically crosslinking often 
enhances material strength, in thermoset systems such as BECy a high degree of crosslinking 
seems to inhibit the material’s adhesive properties. In polymer-based adhesives, the strength 
of the adhesive and the adhesive-substrate interactions determine bond strength. The ability 
of the adhesive to physically bond with the substrate may be reduced as a result of hardening 
of the resin due to crosslinking [25]. The gradual increase in the number of covalent bonds 
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formed in BECy by crosslinking might surpass the physical interactions with the substrate. In 
Figure 7, the maximum lap shear strength (measured for the 150 oC cure schedule) appears to 
be the transition point at which the hardness of the adhesive began to inhibit the physical 
bond of the adhesive with the substrate. Below 150 oC, the lap shear strength was primarily 
controlled by the under-cure strength of the adhesive and above 150 oC, the lap shear strength 
was controlled by the bonding strength between substrate and resin. The decrease in the lap 
shear strength with increase in degree of crosslinking indicates the predominance of adhesive 
or interfacial failure. The absence of chemical interactions between adhesive and substrate 
resulted in a reduction in bond strength with increasing cure temperature which caused an 
increase in crosslinking density within the resin.  Although thermoset polymers are fully 
cured for practical applications, optimization of under-cure temperature is necessary for 
adhesive applications. A balance between the hardness of the adhesive and its ability to bond 
with the substrate determines the optimum crosslinking required to achieve maximum bond 
strength. 
Fracture Surface Analysis  
Investigating the relationship between bond strength and the nature of the fracture 
surface serves as a measure in determining a resin’s efficiency in healing the damages. The 
characteristic changes in the fracture surfaces caused by different isothermal cure 
temperatures are shown in Figure 2-8a and 2-8b. Optical microscope (OM) images of the 
fracture surfaces of lap shear specimens are shown in Figure 8a; their corresponding SEM 
micrographs are shown in Figure 2-8b. The OM images revealed that the fractures in samples 
cured at various temperatures were a combination of adhesive and adhesive-substrate 
interface failure. However, with the increase in cure temperature, more traces of interface 
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failure were apparent. A transition from resin-rich fracture mode to interface-rich fracture 
mode was observed in samples cured at 150 oC, which showed a homogeneous distribution  
 
Figure 2-8 Post fracture morphology of lap shear specimens cured at different isothermal curing temperatures. (a) 
Optical micrographs depicting overall fracture surface. (b) Scanning electron micrographs of the fracture surface at high 
magnification.  
a 
b 
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of both failure modes.  The homogeneous fracture surfaces indicated a uniform distribution 
of stress in the bond line prior to breaking the bond. In comparison, signs of stress 
localization were observed in samples cured at 120 and 180 oC. In resins such as BECy with 
brittle material behavior, stress localization results in crack initiation that may spontaneously 
break the bond before dispersing the load within the bond line. Consequently, samples cured 
at 120 and 180 oC were prone to early failure, with low bond strength caused by random 
crack growth originating from the points of stress localization.  
Scrim cloth was used to maintain the bond line in the compressive lap shear 
specimens.  While scrim cloth is seen in all of the under-cured specimens, the scrim cloth in 
the fully cured sample may have melted upon reaching the high postcure temperature of 250 
°C.  Placing only scrim cloth between two composite panels and exposing them to 180 oC 
and 250 oC, respectively showed that at 180 oC the scrim cloth remained intact and 
unchanged, whereas at 250 oC the scrim cloth began to deteriorate, melted and stuck on the 
composite panel.    In addition, fully cured samples made without scrim cloth became too 
brittle and failed while loading the specimen between the clamps for testing. As discussed 
above, the high degree of crosslinking in fully cured samples determined the resin-substrate 
physical interaction, resulting in decreasing bond strength. Thus, the lap shear strength of 
fully cured samples shown in Figure 2-7 was primarily attributed to the presence of melted 
scrim cloth embedded inside the fully cured resin.    
Figure 2-8b depicts the high magnification SEM images of fracture surfaces taken 
from particular areas of interest. The fracture surface analysis of SEM micrographs is 
primarily focused on detecting changes at the resin-substrate interface with increase in cure 
temperature. The characteristic features in SEM micrographs reflecting the influence of cure 
a 
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temperature are adhesive yielding and carbon fiber bridging between substrate and resin. 
Adhesive yielding is primarily caused by collective deformation of uncured and under-cured 
BECy phases between the substrates.  In contrast, fiber bridging is caused by the mechanical 
interlocking between adhesive and substrate. Adhesive yielding enhances the bond strength 
in brittle polymers like BECy by delaying crack initiation and promoting uniform distribution 
of load in the bond line due to plastic deformation of the resin. On the other hand, 
fractography studies on double cantilever beam (DCB) test specimens also showed improved 
fracture toughness through fiber bridging [7]. In fact, a strong mechanical interlocking 
between the carbon fibers in the substrate and the adhesive resin resulted in fiber bridging. 
Thus, high yielding in the resin combined with strong interaction with the substrate provides 
a synergetic effect in achieving superior lap shear strength. In the current samples, the 
embrittlement of the adhesive caused by increasing the temperature of cure from 120 oC to 
250 oC (full cure temperature) was indicated by the decreasing traces of resin yielding in 
SEM micrographs. An increase in cure temperature decreased the yielding behavior because 
of the higher degree of crosslinking and the reduced availability of the uncured plasticizing 
phase. Therefore, a decreasing trend in lap shear strength with increase in cure temperature 
was expected. On the other hand, despite of high yielding observed in samples cured at 120 
oC, their lap shear strength was inferior to that of samples cured at 150 oC, which may be 
attributed to weak substrate-resin interaction generated by undercured resin.  
Conclusions 
The properties of BECy resin as a potential candidate for injection repair were 
investigated. The relationship between cure behavior and corresponding adhesive strength 
developed in undercured BECy was studied. Efforts were made to eliminate the resin’s high 
temperature post-cure by optimizing the undercured schedule to achieve maximum possible 
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bonding strength with composite substrates. The chemistry of crosslinking in conversion of -
O-C≡N functional groups to trimerisates of polycyanurate in under-cured BECy was studied 
and compared to fully cured resin by FT-IR spectroscopy. The degree of conversion 
measured by MDSC in under-cured resin agreed with the FT-IR measurements. The 
influence of partially cured phases in precured BECy on bulk mechanical properties was 
studied by characterizing the dynamic mechanical properties of the resin. The bond strength 
of under-cured lap shear samples was identified to be superior to that of fully cured samples. 
The bulk mechanical properties studied by compressive tests revealed a direct correlation 
between the sub-Tg relaxation of under-cured resin to the stiffness and strength of the resin. 
Fractographic studies of OM and SEM micrographs further showed that a collective 
influence of resin-substrate interaction and adhesive yielding during deformation provided 
superior bond strength for precured BECy. Therefore, optimizing the cure schedule of the IR 
resin is essential to restoring the structural strength of damaged composites after injection 
repair. 
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CHAPTER 3 INJECTION REPAIR OF BISMALEIMIDE CARBON 
FIBER AIRCRAFT PANEL COMPOSITES WITH BISPHENOL E 
CYANATE ESTER RESIN  
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Abstract 
In this work resin injection repair is investigated as a reliable repair method to restore 
the strength of delaminated polymer matrix composites used for aircraft panel composites. 
Bisphenol E cyanate ester, a low viscosity high temperature resin, is used as a unique resin to 
repair damaged bismaleimide carbon fiber composites similar to those routinely used on 
weapon platforms.  The influence of temperature on the viscosity of the pre-cure resin was 
measured to optimize the injection temperature for high resin infiltration. The repair 
efficiency of the resin was evaluated by varying the thickness and mode of delamination of 
the specimens. A lab-scale injection repair setup was developed to perform successful repairs 
with repeatable results. Ultrasonic C-scans and flash thermography images of repaired panels 
revealed excellent resin infiltration ability of the repair resin. Cross-section analysis of 
repaired specimen reconfirms the resin infiltration into microscopic delaminations. 
Evaluation of mechanical repair efficiency using surface stiffness of the composite panels as 
the determining factor showed values exceeding 100%. 
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Introduction  
In recent years, the aerospace industry has increasingly used polymer matrix 
composites (PMCs) as structural materials, replacing their heavier metal counterparts [1].  
Light weight and superior mechanical properties make PMCs appealing for a wide range of 
applications.  Carbon fiber reinforced PMCs are recognized as advanced structural materials 
because of their high stiffness to weight ratio and excellent fatigue resistance. The fact that these 
materials lend themselves for the processing of complex shapes makes them an excellent 
choice for structurally strong composite structures [2]. From the engineering performance 
standpoint, their high structural stability in extreme environments makes them ideal for 
aerospace and military applications. Although carbon fiber-based PMCs are currently 
experiencing exponential growth in structural applications, their multi-layer lay-up structures 
make them highly susceptible to defects and damage caused by either interlaminar fracture or 
by delamination. Damages in PMCs may be caused by pre-existing manufacturing defects or 
by sudden impact or high static load in service, and will drastically reduce the strength and 
functionality of the manufactured part [3]. 
The repair of such damages must fulfill several requirements, including retaining 
aerodynamic properties, being durable, environmentally friendly, and most importantly 
restoring some or all of the composite’s original strength [4]. We distinguish between two 
major repair methods for composite panels.  During a scarf repair, material is removed or 
“scarfed” around the damaged area and a similar composite piece is overlaid by a suitable 
bonding method [5].   Though fairly effective, this method is not suitable for structures that 
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provide only limited access to the damaged area. In addition, the removal process may cause 
further damage to the composite structure. The injection repair setup shown in Figure 3-1 is 
an alternative method. Here, resin is directly injected into the damaged area where it 
infiltrates the delaminated layers. Subsequently, the composite part will undergo a curing 
step to harden the injected resin, thus healing the damaged area internally.   
 
Figure 3-1 Resin injection repair setup;  a) Resin injected through the center hole; b) Injected resin observed in the vent 
holes after infiltration through the delaminations in the composite specimen. 
Successful injection repair depends on the choice of resin, for which several 
requirements were specified by Russell et al. [6 ]. The resin should exhibit both good 
wettability on the composite surface and low viscosity to assure effective infiltration between 
the delaminated layers after injection.  It should develop excellent adhesive strength between 
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the delaminated surfaces to restore the mechanical strength of the composite after repair. The 
cured resin should have a glass transition temperature (Tg) and thermal degradation 
temperature closely matching those of the composite panel, and it should have matching 
service temperature limits. Finally, because injection repair is typically done manually, the 
resin should release low levels of volatile organic compounds (VOC) to provide a nontoxic 
environment for conducting during repair operations. Although epoxy resins were used in the 
past for injection repair, their relatively low Tg’s and high moisture sensitivity created the 
need to identify alternative resins for repairing high temperature composites [7].  
The present work focuses on bisphenol E cyanate ester (BECy),  a cyanate ester 
polymer, as a thermoset with good thermal stability and mechanical properties [8].  Other 
properties, such as good adhesive properties and low moisture absorption, make cyanate 
ester-based polymers good replacements for epoxies in many applications [9].  In contrast to 
most thermoset polymer resins, BECy has a high Tg of up to 260 °C with relatively low 
monomer viscosity at room temperature. This unique combination makes it an ideal 
candidate for injection repairs [10].  At room temperature, BECy resin has a low viscosity of 
90 - 120 cP [11], which is even lower at slightly higher temperatures.  The resin also offers 
excellent compatibility with and wettability of the bismaleimide carbon fiber composites 
(BMI-cf) used as pre-damaged specimens in this study.  In previous work, Thunga et al. 
demonstrated successful injection repairs of BMI-cf composites with BECy resin. Their 
study was primarily focused on repairing composite specimens with hole-edge delamination 
[12].  
In the present study, the injection repair process was developed and optimized to 
achieve excellent repair efficiencies for BMI-cf composite panels that are commonly used for 
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several weapon platforms. BMI composites show good fatigue resistance and stability at high 
temperatures and humidity [13], and BECy resin was investigated as a unique resin for 
repairing these advanced composite panels. Rheological experiments were conducted to 
identify the optimum repair temperature necessary to reduce the viscosity of the injecting 
resin and enhance resin infiltration. The panels used for the injection repair experiments were 
pre-delaminated by different types of loads: steady static load and sudden impact load. The 
influence of specimen thickness on the reparability was evaluated by examining specimens 
with two different thicknesses. Similarly, the influence of the type of delamination damage 
(static load method or impact load method) on the repair efficiency was also evaluated. The 
success of the repair was determined using ultrasonic C-scans, thermography, and calculation 
of repair efficiencies based on the stiffness of pristine, delaminated, and repaired panels. 
Experimental 
 Materials 
The repair resin was prepared by adding a small amount of liquid phase 
organometallic-based catalyst (3 pph of EX-1510-B, Tencate Technologies, Morgan Hill, 
CA) to bisphenol E cyanate ester (BECy, Tencate Technologies, Morgan Hill, CA).  The 
mixture was stirred for 10 min with a magnetic stir bar, followed by degassing at 25 mm Hg 
vacuum for 20 min to eliminate the absorbed air. Repaired PMCs were cured at 180 °C for 2 
h in a convection oven, applying a temperature ramp of 1 °C/min.   
Bismaleimide carbon fiber panels (BMI-cf) with 32 and 24 ply were manufactured by 
hand lay-up of Cytec IM7/5250-4 unidirectional prepreg material provided by Cytec 
Engineering Materials.  A quasi isotropic layup [0, +45, 90, 90, -45,0]s was used for 
preparing the specimen panels.  Each panel was processed using an autoclave cure cycle as 
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stated by the manufacturer. Specimens measuring 4x6 in were machined from the autoclaved 
panels. 
 Pre-Damaging of Panels  
The specimens were pre-damaged by two different methods.  The first method used 
an Instron 5569 tensile testing machine (Norwood, MA) to apply a static load to a pristine 
specimen, shown in Figure 3-2. The specimen was secured between two steel plates (both 
 
Figure 3-2 Static loading setup for delaminating BMI-cf composite panels 
 
with a 5.08 cm (2-in) diameter circular hole in the center) acting as a clamp and centered 
under the load cell. A steel ball bearing was placed at the center of the specimen to apply the 
load. Each sample experienced an initial static load of 200 N, followed by a compressive 
load applied at a rate of 1mm/min until 4 mm extension was reached. The method fairly 
consistently generated spiraling delaminations that existed within a damaged area of 2 in 
diameter, as shown in Figure 3-3.  
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Figure 3-3 C-scan images of specimens damaged by applied static load. 
For the second method, a drop tower impact instrument was used to introduce the 
impact. The impact energy was varied, depending on specimen thickness, to obtain similar 
delamination areas. The 24-ply and 32-ply specimens were struck with impact energies of 
15.2 ft/lb and 21.57 ft/lb, respectively.  Figure 3-4 shows that the delamination damage was 
inconsistent and the damaged area varied significantly between samples.  This was 
 
Figure 3-4 C-scan images of specimens damaged by sudden impact load. 
explained by the fact that rapid delamination may have caused microcracks that randomly 
formed and propagated, rather than the slow, systematic damage propagation initiated by the 
static loading method. The inconsistency in reproducing the damage by impact load was 
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quantified by measuring the surface areas of the damage zone of the investigated samples. 
The average damage area was 2573 mm2 with a significant standard deviation of 1096 mm2, 
compared to an average damage area for static load damaged specimens of 2401 mm2 with a 
standard deviation of only 86 mm2.   
 Rheology of Repair Resin 
The rheological behavior of BECy was characterized using a rheometer (Model AR2, 
TA Instruments, Inc., New Castle, DE). Temperature sweep tests were carried out between 
25 and 175 °C at a frequency of 1 Hz, strain amplitude of 2 %, and at a heating rate of 3 
K/min. The temperature sweep tests were conducted in two different steps. First, the resin 
was heated from 25 to 50 oC, followed by a second heating step from 50 to 175 oC after a 90 
min holding time between the two temperature sweep tests.  
 Injection Repair Setup and Procedure  
After pre-damaging the specimens, an injection hole and vent holes with 3.175 mm 
(1/8 inch) diameters were drilled into the composite panel. Based on the C-scan images of the 
pre-damage, the injection hole was drilled in the center of the delaminated area with six 
evenly spaced vent holes placed just on the edge of the delaminated area.  Holes were drilled 
approximately ¾ of the way through the panel. Before the repair, specimens were air blasted 
and flushed with a low viscosity solvent to remove debris from the microcracks and vent 
holes and to determine their connectivity with the delaminated layers.  The panels were dried 
overnight at approximately 100 °C to eliminate any absorbed moisture.   
The injection repair setup shown in Figure 3-5 was primarily devised to achieve effective 
infiltration of the resin into the delamination area. It was equipped with dual vacuuming ports 
to remove air from the microscopic cracks in the composite that could inhibit resin 
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infiltration. Constant pressure was applied during the resin injection process using a 
compressed air pressure cylinder above the injection syringe. Heating elements and a 
thermocouple were attached under the specimen to maintain optimum repair temperature (70 
oC) in the specimen.   Prior to repair, freshly prepared BECy resin was degassed and placed 
in a convection oven at 100 °C for three minutes to lower its viscosity.  The delaminated  
 
 
Figure 3-5 Setup for the injection repair process. 
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specimen was secured tightly inside the vacuum chamber and heated to 70 °C using the 
heating elements to help maintain low resin viscosity as it was injected. A vacuum of 
approximately 25 mm Hg was applied to the entire specimen to remove any air trapped 
between the delaminated layers and to support infiltration of resin into the fine cracks.   
Once the pressure and temperatures were established, the vacuum ports were closed 
and the resin was injected by the syringe simultaneously. The injection pressure of the resin 
was steadily increased to 20 psi and held for several minutes. Pressure was increased to as 
much as 30 psi until resin was seen in the vent holes. Once a constant pressure was reached, 
the resin was allowed to infiltrate for 5-10 minutes or until most of the vent holes were filled.  
The holes were typically filled within a time span of 30 s to 5 min.  Once injection was 
completed, the pressure was released, and the specimen was taken out and wiped to remove 
excess resin from the surface.  All vent holes were refilled with resin before curing the 
specimen for two hours at 180 °C.  
 Nondestructive Evaluation  
Ultrasonic scanning (C-scan) was performed on pristine, delaminated, and repaired 
specimens to determine both the extent of delamination as well as the effectiveness of resin 
infiltration after the repair. Water immersion scans were performed using an Olympus 
5077PR square wave pulser/receiver and a Sonda 007 CX ACUT system.  A 0.25 in 
diameter, 10 MHz transducer was used to transmit and intercept the signals (Model V312, 
Serial Number 172643). The transducer was connected to an automated 2D scanner that was 
controlled by UTEX Winspect software. The software was also used to process the scanned 
images. Flash thermography was performed on pristine, delaminated, and repaired specimens 
using an Ecotherm flash thermography system (Thermal Wave Imaging).  An FLIR IR 
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camera with a capture rate of 90 frames per second was used to provide thermal imaging of 
the samples. 
 Cross-Section Analysis 
Static load delaminated samples were sectioned diagonally through the center 
injection hole to evaluate the cross-section by optical microscopy. The cross section surface 
was finely polished with 1200 grit sandpaper prior to microscopic imaging. Delaminations, 
microcracks, and air voids in the samples were traced to analyze resin infiltration into the 
delaminated areas.  
Results 
 Influence of Repair Temperature on the Rheological Properties of the Resin 
Strain controlled dynamic temperature sweep tests were conducted on the pre-cured 
resin to study its temperature dependent viscosity profile before onset of the cure reaction. 
The as-received resin was solid at room temperature (25°C) but melted when subjected to a 
temperature of 70°C.  Therefore the temperature of both resin and specimen was maintained 
at approximately 70°C to lower the viscosity of the resin and facilitate injection and 
infiltration. Determining the temperature dependent viscosity of the pre-cured resin was 
important to identify the optimum temperature necessary for effective resin infiltration 
during injection repair. The viscosity profile of the resin between 25 oC to 50 oC shown in 
Figure 3-6a reveals a decrease in viscosity as temperature increases. After holding the 
temperature at 50 oC for 90 min, the viscosity remained constant (data not shown here). On 
further increase in temperature above 50 oC, the viscosity remained low until the onset of 
cure reaction in the resin. Figure 3-6b shows that the viscosity of the resin remained below 
0.05 Pa.s between room temperature and 135 oC, with a slight drop in viscosity at 90 oC 
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(change in viscosity profile between 50 oC to 140 oC is shown in the insert of Figure 6b). The 
temperature at which the resin exhibited its lowest viscosity was considered the optimum 
 
Figure 3-6 Rheological behavior of BECy monomer; a) Change in resin viscosity with increase in temperature from 25 °C 
to 50 °C; b) Change in resin viscosity with increase in temperature from 50 °C to 175 °C after holding for 90 min at 50 °C. 
resin temperature for effective infiltration during injection repair. The temperature of the 
repair specimen was also maintained at this optimum temperature to keep the viscosity of the 
resin low after entering the damage zone in the specimen.  With an increase in temperature 
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above 140 oC, the viscosity of the resin increased sharply, revealing the onset of cure reaction 
caused by cross-linking of the resin. Because the optimum repair temperature (90 oC) could 
result in some resin crosslinking if held for a period of time, the temperature of the resin and 
the substrate was reduced to 75 oC to avoid potential cross-linking of the resin during repair. 
 Evaluation of Repair Efficiency  
For all repaired samples, repair efficiency was determined based on the post-repair 
stiffness of the specimen evaluated by static load tests.  The primary focus of repairing the 
composites was to restore the strength of the damaged component. Surface stiffness is 
therefore a good indication of the quality of repair. With increasing stiffness, the load bearing 
capacity of a composite specimen increases when deformed within the linear viscoelastic 
regime. A static load was applied on the pristine, delaminated, and repaired specimens and 
the low strain response was used to measure the repair efficiency. Mechanical stiffness was 
quantified using the slope of the compressive load vs. the compressive extension curve as 
shown in Figure 3-7.  The slope was taken between 0.35 and 0.45 mm of compressive 
extension and the repair efficiency was measured using Equation 1.   
 
The resulting value indicated the percent of panel stiffness recovered through the 
injection repair.  A value of 100 % indicates that the injection repair recovered the full 
strength of the original panel. 
		(%) = 	
 !	"#$%	"& !&"'$(
 !#	%)*%+" !&"'$(
	     Eq 1 
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Figure 3-7  Static load-compressive extension curves of pristine, delaminated, and repaired specimens. 
 Influence of Delamination Method on Repair Efficiency 
The specimens used to evaluate the repair efficiency were prepared by both static 
load and impact load delamination method. Though the static loading method is not 
characteristic of a typical damage in the field, the repeatability of damage makes it useful for 
optimizing the injection repair procedure.  The drop tower method simulates a typical in 
service damage caused on an aircraft composite, but it lacks the reproducibility in the 
delaminated area.  It was therefore worth investigating the resin infiltration and repair 
efficiencies achieved from both delamination methods on 32 ply quasi panels.  
C-scan images, shown in Figure 3-8, showed that both delamination methods 
facilitated adequate resin infiltration.  Almost all severe delaminations, indicated by red, 
orange and yellow, were eliminated, indicating overall successful repair.  Interestingly, in the 
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repaired specimens there is a decrease in the size of the delaminated area, indicating that 
good infiltration was achieved even at the edges of the damage area, possibly because of high  
 
Figure 3-8 C-scan images of delaminated and repaired 32-ply composite specimens damaged by impact load (left side) 
and static loads (right side) 
connectivity between the delaminations.  In some repaired samples, traces of small 
delaminations still existed.  These may be attributable to the presence of isolated microcracks 
that were not connected to the primary delaminations, and therefore could not be filled by the 
resin. High repair efficiencies were achieved with both pre-damage modes, reflected by the  
Table  3-1 Comparison of repair efficiencies based on delamination mode 
Sample Static loading Drop tower 
1 91 71 
2 102 86 
3 126 70 
Average 106.33 75.66 
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infiltration shown in the C-scans.  The repair efficiency measured for static load and impact 
load delamination modes are listed in Table 3-1.  
For the static loading mode, repair efficiencies of 91 %, 102 %, and 126 % were 
calculated for the investigated samples. The high repair efficiencies reveal the effectiveness 
of the repair in restoring and even improving the original stiffness of the specimens.  
However, the drop tower specimens showed lower repair efficiencies compared to the static 
load damaged specimens. The sudden impact load caused sporadic rather than the spiral 
propagation of delamination achieved by static load.  Therefore, the delaminated layers were 
less connected, which made complete resin infiltration more difficult.  The drop tower 
delamination repairs may require longer resin injection times to increase the repair efficiency 
above 100%.   
 Influence of Specimen Thickness on Repair Efficiency  
To investigate the influence of specimen thickness on repair efficiency, two batches 
of samples with different thicknesses were repaired using the injection repair setup. Both 
sample batches were delaminated using the impact loading method. The thickness of the 
composite specimens was increased from 3 mm to 4 mm by changing the lay-up from 24-ply 
to 32-ply.  The C-scan images of static load delaminated and repaired 32-ply specimens are 
shown in Figure 3-8 and those of 24-ply composite specimens are shown in Figure 3-9, with 
a clear variation in color between the scans.  As the scanner settings were kept consistent 
between the two sets of specimens, the travel distance of the signal through the composites 
was shorter in the 24-ply specimen, rendering the color for the 24-ply specimens lighter 
compared to the 32-ply specimens.   
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Figure 3-9 C-scan images of delaminated and repaired 24-ply composite panels damaged by impact load. 
 A comparison of the C-scan images of repaired specimens from both batches showed 
that the 24-ply specimens exhibited better resin infiltration than the 32-ply specimens.  Here, 
the scans showed complete infiltration of the resin, leaving no traces of damage. The high 
resin infiltration in 24-ply composite specimens was also confirmed by measuring the 
mechanical repair efficiencies of 24-ply and 32-ply samples batches, shown in Table 3-2. 
The repair efficiencies for 32-ply specimens varied between 70 and 85 %, while the repair 
efficiencies for 24-ply composites were above 100 %. The measured values confirmed that 
resin infiltration is key for high repair efficiency. However, the panel thickness may have had 
a significant influence on resin infiltration.  Thicker panels have a higher stiffness, and 
therefore more force is needed to open the delaminations for resin infiltration.  In 
comparison, thinner panels have a lower stiffness; hence less force is needed to open the 
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delaminations.  This may account for the easier infiltration that was achieved in the 24 ply 
panels. 
Table  3-2 Comparison of repair efficiencies based on composite thickness 
Sample 24-ply 32-ply 
1 99 71 
2 110 86 
3 106 70 
Average 105 75.66 
 
 Damage Detection and Screening Resin Infiltration by Flash Thermography 
Flash thermography is another unique technique used to identify defects and damages 
in composite materials. It allows the detection of subsurface delaminations without directly 
contacting the specimen surface or using any coupling agent (e.g., liquid, or paste) between 
the transducers and the specimen. This technique can also be used when only one side of the 
composite is accessible [14]. Flash thermography provides quantitative information on how 
deep the defect is in the specimen using thermal diffusivity data from the damage zone.  
Defect detection by flash thermography is based on the time dependent response of the 
temperature on the specimen surface to a thermal impulse. A flash heating component was 
used to quickly transmit heat through the specimen and an infrared camera was used to 
monitor the specimen surface temperature. In pristine samples, a uniform and fast surface 
heat distribution throughout the thickness of the sample is expected, resulting in a 
homogeneous heat distribution pattern when observed under an infrared camera.  In samples 
with subsurface defects, a significant increase in surface temperature above the defect was 
observed, which was attributed to the impedance to heat flow when passing through the 
delaminated layers.  Here, the heat dissipated more slowly, revealing “hot spots” on the 
surface [15,16]. 
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 In the present work, flash thermography was used to reconfirm post-repair resin 
infiltration into the delamination of the composite specimens. Figure 3-10a shows the images  
 
Figure 3-10 Flash thermography images of pristine, delaminated, and repaired 32-ply composites  panels damaged by 
impact load; a) Flash thermography images and b) C-scan images 
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of pristine, delaminated, and repaired 32-ply composite specimens taken after exposing the 
specimen surfaces to flash thermal impulses at different time intervals (frames 70, 100, 130, 
and 160 from the video taken by IR camera). Figure 3-10b shows the C-scans of the 
specimens before and after repair. The decrease in brightness of the bulk samples with 
increase in time can be attributed to the decrease in surface temperature of the panel caused 
by the gradual flow of heat from the surface into the specimen thickness. For delaminated 
specimens, the bright spot on the surface corresponds to the sub-surface delamination caused 
by the applied impact load. The size of the delamination determined by thermography was in 
accordance with the damage observed in the C-scan image (Figure 3-10b). 
After the completed repair, the damage zone diffused the surface heat in a similar 
way as the pristine sample, showing minor defects as indicated by the arrow in Figure 3-10a. 
The dark spots around the repair area represent the vent holes drilled before repairing the 
specimens. This confirms that the extent of resin infiltration can be quickly screened after 
injection repair by flash thermography, in particular when performing on-site repairs. 
 Cross Section Analysis of Repaired Composite Specimens 
Cross-section analysis of a repaired specimen was performed to analyze the extent of 
resin infiltration into the delaminations. A 32-ply composite specimen repaired after static 
load delamination was used as substrate for cross-section analysis.  The ultrasonic C-scan 
images of the specimen before and after repair are shown Figure 3-11a.  The mechanical 
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Figure 3-11 Cross-section analysis of repaired specimens damaged by static load; a) C-scan images of specimen taken 
before and after injection repair; b) Microscopic images of the cross-section of the repaired specimen (1, 2, 3 correspond 
to high magnification image) 
repair efficiency determined by stiffness measurements was 91 % for the investigated 
sample. The specimen was sectioned along the line shown in the C-scan image of the 
repaired specimen (Figure 11a), which connected the injection hole and two vent holes. The 
overall cross- section surface images taken by optical microscope are shown in Figure 3-11b, 
and high magnification images of areas of particular interest are shown in Figure 3-11(b1), 3-
11(b2), and 3-11(b3).   
The dark grey lines stretching from the injection hole to the vent holes in the overall 
cross-section image represent the delaminations that were filled with resin during repair.  The 
black areas correspond to unfilled delaminations. The high magnification images of the left 
side of the cross-section clearly show good resin infiltration, see Figure 3-11(b1). The large 
unfilled delamination shown in Figure 3-11(b2) may have been caused by the fact that the 
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path of delamination was blocked by either carbon fiber debris or by the presence of air 
inside the fine cracks before resin reached the delaminations. Such unfilled delamination may 
also have been caused by poor connectivity with other delaminations. Resin infiltration was 
also observed in fine delaminations present under the injection hole and the vent holes seen 
in Figure 3-11(b1) and 3-11(b3). Resin infiltration into delaminations that were not 
connected to the injection hole may be attributed to the presence of an interconnected 
network of delaminations that is typical in spiral delaminations. 
Conclusion 
A laboratory-scale injection repair setup was developed to repair damages in 
bismaleimide carbon fiber panels that are commonly used as structural composites for high 
temperature applications. A low viscosity bisphenol E cyanate ester resin was used as 
injection resin to facilitate better infiltration into the delaminations.  Rheological tests of the 
resin revealed that the optimum injection temperature also accommodated a sufficiently low 
viscosity to facilitate high resin infiltration into the delaminations.  Injection repairs were 
performed on specimens of different thickness that were pre-damaged by static loading and 
drop tower impact.  For specimens delaminated by static loading, the repair efficiency 
calculated from the surface stiffness restored after repair exceeded 100 %, rendering their 
repair superior to specimens pre-damaged by drop tower impact.  The 24-ply specimens 
showed higher repair efficiencies than the thicker 32-ply specimens because of the higher 
density of delaminations in thicker panels.  Successful resin infiltration into the damage zone 
was confirmed by ultrasonic C-scans and flash thermography.  Cross-section analysis showed 
that the majority of delaminations were filled with resin during the injection repair process, 
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confirming that the newly developed repair setup with bisphenol E cyanate ester resin for 
bismaleimide carbon fiber panels provided high repair efficiency.    
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CHAPTER 4 CONCLUSIONS 
In summary, polymer matrix composites, especially those with carbon fiber 
reinforcement, are becoming increasingly common in aerospace applications due to desirable 
properties such as the high strength to weight ratio.  Because of their complexity, composites 
are subject to many types of damage with the most common being delamination.   Typically 
caused by low energy impact, delaminations can go undetected and can ultimately result in 
the failure of the composite.  Therefore repair methods must be developed to restore strength 
to the delaminated panel.  Patch and scarf repairs are two methods that are commonly used.  
Though fairly effective, these methods are not suitable on structures with limited access to 
the damaged area and require removal of the undamaged material.  Injection repair is a 
method where a polymer resin is directly injected into the damaged area and then subjected 
to heat to cure the resin.  This method has been limited to relatively low temperature 
applications due to the lack of resins with a low viscosity and stability at the high 
temperatures.  Bisphenol E cyanate ester, a low viscosity high Tg resin, was therefore selected 
for the repair of bismaleimide carbon fiber composites, a system commonly used in 
aerospace as a high temperature replacement to epoxy matrix composites. 
The properties of the BECy resin were investigated to confirm its use in the injection 
repair process.  Efforts were also made to avoid the high postcure temperature by finding an 
optimal cure schedule for undercured BECy resin.  Cure kinetic studies revealed that partially 
cured resin can achieve a sufficiently high Tg despite incompletely crosslinking.  The 
chemistry of crosslinking in undercured resin was confirmed by FTIR experiments. 
Compressive strength on bulk BECy and adhesive strength of the resin on BMI-cf composite 
substrate showed that undercured resin had superior compressive strength and bond strength 
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compared to the fully cured resin.  Fractographic analysis confirmed that the strong adhesive 
properties results from high resin strength combined with a favorable interaction with the 
composite. 
After investigating the adhesive and thermo-mechanical properties of the resin, 
injection repairs were performed.  Rheological studies were conducted to optimize the 
temperature necessary for effective infiltration of the resin during injection repair.  An 
injection repair procedure was developed to achieve successful and reproducible repairs.  The 
repair quality was determined by calculating repair efficiency based on the stiffnesses of 
damaged, pristine, and repaired panels.  Two different delamination methods, static loading 
and impact, were used to damage the panels.  Injection repairs showed that those delaminated 
through static loading achieved overall higher repair efficiencies due to the uniform 
delamination region that spiraled throughout the sample, allowing higher connectivity.  The 
influence of specimen thickness on the repair efficiency was also investigated by repairing 
two different thicknesses of panels, 24 ply and 32 ply.  24 ply panels obtained higher repair 
efficiencies than the 32 ply panels due to the lower stiffness and therefore easier infiltration.  
Thermography and cross section analysis further confirmed the success of resin infiltration 
during the repairs. 
The preceding work has shown that the current injection repair procedure achieves 
high quality, reproducible repairs on bismaleimide composites in a lab setting.  However, to 
use this repair technique in the field, future work is needed to adapt the injection repair 
procedure to real composite parts.   The currently injection repair set up limits the application 
to flat panels no larger than 7x7 inches that must be removed from the original structure.  A 
more versatile and robust structure needs to be developed to repair composites onsite without 
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removing the composite from the parent structure.  The setup should be revised to only need 
access to the front of the composite. This requires a new vacuum system that can be secured 
directly to the composite component.  Further work also needs to be done to reach higher 
vacuum and injection pressure which may be needed for the repair of thicker composites.  
The set up should also be adaptable to curved surfaces, as well as components with complex 
shapes. 
Once the adapted injection repair set up is finalized, it must be tested on many 
composite parts to ensure its effectiveness.  A test matrix should be developed to ensure 
thorough testing on a variety of composite parts with different sizes, shapes, and thicknesses.  
Repairs should also be done on samples with damages of varying severity and type.  
Infiltration should again be analyzed through water immersion C-scans and the strength 
quantified through compression after impact or static load testing.   
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Appendix A PPENDIX A: SUPPLEMENTARY INFORMATION FOR CHAPTER 2 
 
As stated in Chapter 2, bisphenol E cyanate ester requires a high temperature post 
cure of 250 °C to reach a fully cured state.  This temperature is not achievable in many 
applications, limiting the use of the resin.  Therefore it is worth investigating whether an 
undercured resin can achieve a high enough Tg to meet the service requirements.  Cure 
kinetics of the BECy resin were studied through modulated scanning differential calorimetry 
(MDSC).  MDSC is a relatively new method and applies a modulation, typically a sine wave, 
to the typical linear heating and cooling.  The temperature modulation is typically define by 
the Eq 1 
, = 	,- + /0 + 1230        Eq 1 
where AT is the amplitude, β is the heating rate, ω is the frequency and T0 is the initial 
temperature [1].   These parameters along with scanning rate can be revised to highlight 
certain aspects of the heat flow.  For example, in a study by McPhillips et al, it was shown 
that increasing the scanning rate produced better sensitivity, allowing for easier identification 
of minor glass transitions [2].  
The MDSC method is advantageous due to the ability to separate complex transitions 
and phenomena, making them easier to analyze. The modulation allows the typical heat flow 
curve to be split into reversing and nonreversing heat flow, as shown in Figure A-1.  The 
reversing heat flow relates to reversible processes such as glass transition relaxations.  Non-
reversible events like crystallization and enthalpic relaxation are reflected through the non-
reversing heat flow [3].  In our study, MDSC helps separate the overlapping events of heat 
from residual curing (nonreversing) and the glass transition temperature (reversing). 
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Figure  A-1 Example of Modulated Differential Scanning Calorimetry 
Other advantages of MDSC include greater resolution without losing sensitivity and 
easier analysis of heat capacity data [4].   MDSC has been used in several scientific areas, 
including pharmaceutical systems [4].  In a paper by Cheng et al, MDSC was used to detect 
multiple glass transition temperatures in blends of poly(butylene terephthalate) with 
polycarbonate [3]. 
In our study, BECy was subjected to a series of undercuring schedules at eight 
different isothermal temperatures ranging from 120-190 °C with a 10 °C step.  15 samples 
containing 8-12 mg of BECy were made at each temperature with the holding time ranging 
from 0 to 12 hours. Samples were heated at a rate of 1 °C/min, with the holding time begin 
once the isothermal temperature is reached.  Helium was used to purge the sample chamber.  
Each sample was heated from room temperature to 350 °C at a rate of 3 °C/min.  The 
modulated temperature varied by ± 1 °C every 60 s, controlled by liquid nitrogen.  The 
figures below illustrate the glass transition temperatures and degree of cure calculated using 
Eq 2 
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 = 	
(∆∆	)
∆
          Eq 2 
where H0 is the total heat of reaction, determined to be 868.7 Jg-1 from a DSC scan on 
uncured BECy.  Hr is the residual heat of reaction detected from the undercured resin.    
Figure A-2 shows the degree of cure and Tg data as a function of isothermal cure 
temperature and holding time.  In Figure A-2a, it can be noted that as the isothermal cure 
temperature increases, the Tg increasing accordingly, reaching a plateau after several hours.  
In Figure A-2b, the degree of cure generally follows the same trend, but with two  
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Figure  A-2 Glass transition temperature (a) and degree of cure (b) of undercured BECy as a function of time and 
undercure temperature 
temperatures, 130 and 140 °C, the degree of cure lies above the predicted trend.  It is unsure 
as to why the degree of cure was higher than expected for these two temperatures.  This 
could be an error with a baseline or calibration in the instrument.  Data for these two 
temperatures can be redone to clarify the results. 
In Figure A-3, the Tg is plotted versus the degree of cure for each isothermal cure 
schedule.  The points were fit with a DiBenedetto model as discussed in Chapter 2.  The 
group of points that lie below the Dibenedetto fit is the samples from the 130 and 140°C 
samples that had higher degree of cure than expected.  Overall the present work correlates 
well with the Dibenedetto fit. 
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Figure  A-3 Tg vs. degree of cure with DiBenedetto fit 
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Appendix B  PPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 3 
 
This appendix documents all of the injection repairs performed in the three sets 
discussed in Chapter 3: 32 ply static load delaminated, 32 ply drop tower delaminated, and 
24 ply drop tower delaminated.  Table B-1 shows the C-scans, repair efficiency, and any 
additional comment for each sample. 
 
Table B-1 32 ply panels delaminated through static loading 
Sample Damaged C-scan Repaired C-scan Repair 
Efficiency 
Comments 
5250-4 #3 
  
43.6 % 12 vent holes, 2 
injection holes 
no resin seen in 
vent holes 
5250-4 #4 
  
n/a No resin seen in 
vent holes 
5250-4 #5 
  
91%  
5250-4 #6 
  
102% 2
nd
 repair was 
performed 
5250-4 #7 
  
126% 2
nd
 repair was 
performed 
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Table B-2 32 ply panels delaminated through drop tower method 
Sample Damaged C-scan Repaired C-scan Repair 
Efficiency 
Comments 
06182012 #6 
  
n/a  
06182012 #7 
  
n/a  
06182012 #8 
  
n/a  
06182012 #9 
  
71%  
06182012 
#10 
  
86%  
06182012 
#11 
  
70% Two repairs 
 
06182012 
#12 
  
n/a Two repairs 
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06182012  
#13 
  
5.8% Two repairs 
06182012  
#14 
  
49%  
06182012 
#15 
  
6.5% Two repairs 
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Table B-3 24 ply panel delaminated through drop tower method 
Sample Damaged C-scan Repaired C-scan Repair 
Efficiency 
Comments 
060512 #3 
  
115%  
060512 #4 
  
110%  
060512 #5 
  
100%  
060512 #6 
  
99%  
060512 #7 
  
110%  
060512 #8 
  
103%  
06112012 
#4 
  
110%  
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06112012 
#5 
  
103% Resin came 
out of top 
edge of 
panel 
06112012 
#8 
  
106%  
06112012 
#10 
  
 
 
100% 
 
06112012 
#11 
  
 
99% Resin came 
out of top 
edge of 
panel 
06112012 
#13 
  
105%  
06112012 
#14 
  
100%  
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Abstract 
The present work describes the development of an efficient repair process for 
restoring the structural strength of damaged polymer matrix composites (PMCs) used in 
complex airframe structures. Bisphenol E cyanate ester (BECy) resin was used as a novel 
material for repairing damage due to its diverse material properties such as high cured glass 
transition temperature (Tg), easy processability, and excellent adhesive and mechanical 
properties. Bismaleimide/ carbon fiber (BMI-cf) panels were chosen as the model substrate 
for evaluating the resin’s repair efficiency. Efforts were made to avoid the high temperature 
post-cure step in the BECy cure schedule to meet processing constraints of “on aircraft” 
repairs. Representative BMI-cf panels were fabricated and a controlled delamination was 
induced into the panels using the hole plate shear (HPS) method. In order to expand the use 
of this resin, efforts were made to transition from injection repairs to wet lay-up patch based 
repair methods.  Rheological studies were conducted to determine the optimal cure cycle for 
the double vacuum debulk (DVD) patch fabrication process. Ultrasonic C-scan imaging of 
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the DVD patches was used to support optimization of the DVD process parameters to 
minimize defects such as porosity. 
 
Introduction 
Polymer matrix composites are becoming the materials of choice in commercial and 
military structural airframe applications. These composite materials have increased use 
because of their many superior properties compared to metals, such as higher specific 
strength and stiffness, better fatigue and corrosion resistance, and lighter weight [1,2]. 
PMC’s, however, are susceptible to defects and damage that can greatly compromise their 
mechanical properties. Most in service damage to fiber reinforced composites is a result of 
low to high velocity impacts which generate subsurface ply delaminations that are often not 
readily visible on the part surface. This type of damage is primarily initiated at the 
fiber/matrix interface due to the low thermal and mechanical properties of the resin and/or 
weak bonding with the fiber. Such damage starts initially with micro-cracks that eventually 
develop into a full size delamination under repeated loading. Depending on the level of the 
damage, the air worthiness of the overall component may be compromised with potential for 
catastrophic in flight failure.  To cost effectively maintain aircraft with extensive composite 
based airframe components, qualified repair processes are needed for damaged PMCs as 
these parts are expensive to manufacture and hence replace. Replacement of a damaged 
composite part is often five to ten times the cost of implementing an effective repair solution.  
Current methods for repairing PMCs include a variety of bonded and bolted techniques. A 
structural repair requires complete restoration of the strength and stiffness of the damaged 
part. In addition to these fundamental requirements, the repair should not add additional 
weight to the structure, be compatible with the service environment, and exhibit good long 
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term durability [3]. Localized delaminations are traditionally repaired by replacing the 
damaged zone by an adhesively bonded patch. Depending on the location and extent of the 
delamination zone, a simpler resin infusion repair can be utilized which is a much less 
invasive and time consuming technique[4]. The process involves injecting low viscosity resin 
via an access hole into the damaged area followed by a cure step. Russell et al. [5] has 
identified the following resin requirements for successful injection repair: (1) the repair resin 
should have a cure temperature comparable to the service temperature of the PMC, (2) the 
resin should cure without releasing volatiles, and (3) the fracture toughness and crack growth 
resistance within the re-bonded interfaces should be similar to that of the pristine material. 
The resin flow characteristics, which depend on the viscosity and the surface energy of the 
resin and substrate, are also a major factor that determines the extent of successful resin 
infiltration into the micro cracks caused by the delamination.  
Several polymer resins have been developed with the necessary combination of 
mechanical and rheological properties to support both the injection and patch repair of epoxy 
based fiber reinforced composites structures.  Next generation airframes, however, are 
incorporating an increasing amount of bismaleimide based composite structure due to its 
enhanced, high service temperature capability and increased strength. Determining suitable 
repair resins for these composite material systems is an active area of development. In our 
previous studies, a new class of repair resin with extremely low viscosity and high Tg based 
on bisphenol E cyanate ester (BECy) chemistry was identified as an excellent material for 
injection repair of bismaleimide-carbon fiber (BMI-cf) composites [Error! Bookmark not 
defined.]. High adhesive strength was observed between BECy and BMI-cf substrates, with 
more than 100 % repair efficiency recorded for delaminated composites using the injection 
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repair process. [6] However, in this earlier work in order to achieve high repair efficiency, 
post-curing at elevated temperatures (as high as 250oC) above the BECy resins glass 
transition temperature was necessary. The temperature limit for typical “on aircraft” 
composite repair, though, is below 180oC.  The overall goal of the present work is to study 
the cure behavior of BECy to support design of an appropriate cure schedule to meet the 
temperature requirements for on aircraft composite repair. The primary focus of the study is 
to engineer the bond strength between BECy and BMI-cf by balancing the high post-cure 
temperature with under-cure holding time. The effort also investigates the processing 
parameters needed for fabricating wet lay-up patches with BECy to expand the applicability 
of the resin system from injection repairs to bonded patch repairs. 
Experimental 
Materials 
The adhesive resin, bisphenol E cyanate ester (BECy, EX-1510) monomer, is 
commercially available from Tencate Technologies (Morgan Hill, CA) and was used as 
received without further purification. The vendor also supplies the liquid phase, 
organometallic-based polymerization catalyst (EX-1510-B). The mix ratio and cure schedule 
recommended by the manufacturer was used for all BECy resin injection studies i.e., mix 
ratio of 3 parts catalysts per hundred parts monomer (phr); cure schedule of initial heating of 
BECy resin to 180 °C for 2 h, followed by 250 °C for 2 h at a heating rate of 1 °C/min in a 
convection oven. The BMI composite substrates used in the study were composed of M65 
toughened bismaleimide resin system marketed by Hexcel Corp. with intermediate modulus 
IM7 reinforcing carbon fiber produced by Cytec Inc.  Dry carbon cloth was purchased from 
Hexcel Corp. for patch repairs. 
92 
 
Composite Panel Manufacturing 
All BMI composite laminates were fabricated by hand lay-up from Hexcel IM7/M65 
unidirectional prepreg material. For the HPS and resin injection repair studies, 32 ply 
laminates were fabricated with a quasi-isotropic [0, +45, 90, 90, -45, 0]s lay-up. For the lap 
shear tests 8 ply laminates with a quasi-isotropic lay-up were fabricated. The autoclave cure 
cycle recommended by the manufacturer was used to process the BMI prepreg.  All DVD 
panels were manufactured using a Navy proprietary specification.   
Material Characterization 
Contact angle measurements for the BECy resin on BMI-cf substrates were recorded 
to quantify the wettability of the resin. The contact angle measurements were carried out with 
a Rame-Hart 100-00 115 NRL contact angle goniometer (Rame-Hart Instrument Co., 
Netcong, NJ). The unit was equipped with a camera and video monitor, and image analysis 
software. Compressive lap shear tests were performed using an Instron 5569 tensile testing 
machine (Norwood, MA). The tests were done as described in test method ASTM D 3846 
[7]. The test specimens were manufactured according to test method ASTM D695 [8]. The 
specimen geometry used for the compressive lap shear samples is shown in Figure C-1. In 
order to maintain constant roughness and bond thickness over the surface of the substrates, a 
scrim cloth (Style# 2006, Reemay® Spunbonded Polyester Nonwovens, from Kavon Filter 
Products Co, Farmingdale, NJ) was used 
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The flexural tests on bulk BECy specimens at different cure schedules were 
performed on an Instron 5569 tensile testing machine (Norwood, MA) using an in-house 
designed 3 point bending fixtures at a bending rate of 0.5 mm/min. Differential scanning 
calorimetry (DSC) measurements were performed using a model Q2000 from TA 
instruments, Inc. The samples for the DSC tests were prepared by pre-curing 10 mg of resin 
directly in the DSC panels at the desired isothermal temperature for varying holding times. 
The under-cured samples were prepared in a convection oven at a constant heating rate of 1 
oC/min. The samples were cured at an isothermal temperature of 150 oC for different times, 
ranging from 40 min to 12 hours. Partly cured BECy samples were tested by DSC in the 
modulated dynamic scan mode between 25 oC to 350 oC at a heating rate of 3 oC/min to 
measure the glass transition temperature (Tg) and the degree of conversion (α).  
Rheological behavior of BECy was characterized using a rheometer (Model AR2, TA 
Instruments, Inc., New Castle, DE).  Strain controlled dynamic time sweep and temperature 
sweep tests were conducted to study the rheological behavior of BECy while curing. The 
isothermal time sweep tests were conducted at 65 oC, 120 oC, and 176 oC for 2 hours with 2 
6.5 mm
adhesive layer
12.7 mm
notch width 1.5 mm
79.5 mm
3 mm
Figure   C-1 Compression composite lap shear test specimen 
94 
 
% strain and 1 rad/s dynamic frequency. Similarly, cure behavior and gel point were 
determined by conducting temperature sweep tests from 25 oC to 200 oC. 
The hole plate shear (HPS) method was used to introduce delaminations into the 
composite plates. The sample geometry and test setup for the HPS test is shown in Figure C-
2.  The HPS specimen was secured between two (steel) plates with a 2 inch diameter hole in 
the center to act as a clamp, and centered under the load cell. A steel ball bearing was placed 
on the countersink hole where the load was applied. The samples were subjected to an initial 
static load of 200 N, then a compressive load was applied at a rate of 1 mm/min until a 4 mm 
extension was reached. An Instron 5569 tensile testing machine (Norwood, MA) was used to 
perform these tests.  
 
 
 
 
 
 
 
 
An air-coupled, through-transmission ultrasonic system with 120 kHz focused probes 
was used to acquire C-scans of undamaged, delaminated and repaired plates. Prior to 
scanning, the through-hole in the HPS specimens was filled with putty and the plates were 
surrounded by a foam frame to minimize the noise around the hole and edges by preventing 
excess sound leaks.  The scan was repeated for the pristine and delaminated panels to 
exemplify the presence of controlled delamination in the specimens.  
Figure   C-2 Hole plate shear method used to introduce delaminations to composite plates 
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Results 
Lap Shear Strength Test Results  
The initial screening of the adhesive bond strength was carried out by verifying the 
compatibility of BECy on the BMI composite substrate. During the injection repair process, 
resin infiltration plays a vital role in filling the fine network of microscopic cracks in the 
damaged area. Studying the wettability of the BECy resin on the BMI substrate serves as a 
tool to predict the extent of resin infiltration into the delamination zone. The contact angle of 
BECy on the inner and outer surface of a BMI-cf substrate was measured to verify the 
wettability of the resin on the BMI composite. In order to investigate the wettability of BECy 
on a damaged surface, a 10 x 10 mm delaminated ply taken from a damaged BMI-cf PMC 
panel was used as a substrate. The contact angles of BECy on the inner and outer surfaces of 
a BMI-cf substrate are particularly small, revealing good wettability (Table C-1). The contact 
angle measured at 0, 2, and 5 minutes after placing a BECy drop on the substrate decreases 
with time. The decrease in contact angle over time is recognized as an improvement in the 
wettability of the resin and compatibility with the substrate.   
 
Table C-1 Contact angle of BECy on BMI-cf substrate 
 
 
  
 
 
Time Outer surface Inner surface 
0 min 25.8° 13.8° 
2 min 10° 10.7° 
5 min 9.2° 7.4° 
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While substrate wetting is an essential resin requirement, the mechanical efficiency of 
the repair depends primarily on the interfacial bond strength between resin and substrate. Lap 
shear tests are the most commonly used mechanical measurements for evaluating the 
adhesive strength between an adhesive and adherent. The structural strength restored after 
repairing an actual damaged composite can be estimated by determining the lap shear 
strength of lab-scale specimens.  As the main focus of this work is to achieve maximum bond 
strength between resin and substrate by optimizing the cure schedule within the operational 
temperature limits, lap shear tests were conducted by varying the maximum curing 
temperature and maintaining the time of cure. Figure C-3 shows the lap shear strength of 
specimens processed at different under-cure schedules compared with fully cured samples. 
For fully cured BECy, a maximum cure temperature of 250 oC is used; however, this 
temperature is quite high for repairing composite panels in most field applications. In order 
to ensure safety and mechanical viability on such temperature-sensitive components, the 
maximum operational temperature is limited to 180 oC or below. Therefore, comparing the 
under-cured lap shear strength with fully cured samples could help identify an under-cure 
schedule below 180 oC with good mechanical strength. Figure C-3 shows that the lap shear 
strength appears to increase initially with the increase in curing temperature from 120 oC to 
150 oC with the same under cure holding time of 12 hours. Further increase in curing 
temperature resulted in a decrease in lap shear strength.  
In thermoset resins such as BECy, post-curing at high temperatures is used to enhance 
the physical and mechanical properties of the bulk polymer matrix by increasing its cross link 
density. However, the observed lap shear results for the BECy adhesive system are in 
contradiction to the expected trend. The reason for the discrepancy might be that lap shear 
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strength not only depends on the properties of the resin but also on the characteristics of the 
substrate. In lap shear tests, the properties of both adhesive and adherent show profound 
influence on the strength of the bond line. The differences in mode of fracture of an adhesive 
bond are also primarily attributed to the properties of the adhesive and adherent. Therefore, it 
 
 
 
 
 
 
 
 
 
 
 
 
is necessary to understand the influence of both the resin and substrate properties on the 
ultimate strength of the bond line. Hence, the mechanical properties of bulk BECy resin also 
were studied to determine the reason for the observed decrease in lap shear strength with 
increase in curing temperature and holding time.   
Flexural Properties of Bulk BECy 
The mechanical properties of the bulk resin were characterized by evaluating the 
flexural strength obtained by 3-point bend tests. The flexural strength of bulk BECy cured at 
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Figure   C-3 Average lap shear strength of BECy on BMI-cf composite substrates under various 
adhesive cure schedules 
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times and temperatures similar to those of the lap shear specimens is shown in Figure C-4. 
The measured flexural strength values at each time/temperature condition have a high degree 
of scatter.  The inherent brittle nature of the cured BECy may be the reason behind the 
variability in the test data. Despite the scatter, the overall trend is an increase in flexural 
strength with increase in either cure time or temperature. A similar trend was also observed 
for the Young’s moduli for the time/temperatures investigated (results not shown here). The 
increase in the crosslink density with simultaneous conversion of unreacted monomer into 
the polymer matrix results in increased flexural strength of the neat resin. The free standing 
cure of BECy between BMI-cf substrates at elevated temperatures for an extended period of 
time may result in embrittlement of the BMI matrix, which also could be a factor in the 
decreasing bond strength observed in Figure C-3. Based on the mechanical tests results, 
curing BECy injection repairs at 150 oC for 12 hours may be a suitable cure schedule for on 
aircraft repairs of delaminations in BMI composite components. 
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Figure   C-4 Flexural strength of bulk BECy samples cured at various cure schedules 
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Glass Transition Behavior of Under-cured BECy 
Thermoset polymers used for high temperature applications typically have high glass 
transition temperatures (Tg) for preserving their essential properties near the operational 
temperature [9]. The Tg of a thermoset serves as one of the reference temperatures to predict 
the thermal stability of the material. In general, polymers with high Tg have higher viscosities 
than the pre-polymer at room temperature. Shimp et al. have reported this trend by 
correlating the cured state Tg of thermoset polymers with the corresponding temperature at 
which the uncured thermoset monomer has a viscosity of 0.15 Pa·s [10]. Because of this 
highly viscous behavior these thermosets cannot be used for repairing composites by 
injection repair processes. BECy resin is an exception to this general trend. The resin has 
excellent processing capabilities even at low temperatures and an extremely low viscosity of 
0.09 to 0.12 Pa·s at room temperature. The Tg of the fully cured resin is as high as ~275 oC, 
which makes it suitable for repairing high temperature BMI composites. To meet the 
temperature requirements for on aircraft repairs of BMI composites, the isothermal cure 
behavior of BECy below 180 oC was studied to investigate the influence of cure temperature 
and holding time on degree of conversion (α) and Tg. Because lap shear tests showed that 
curing BECy at 150 oC provided superior bond strength, more focus was given to studying 
the cure behavior of BECy at this temperature. The ultimate goal is to optimize the cure time 
at 150 oC to get maximum possible Tg and α in the repair resin. 
The DSC curves of partially cured BECy at various holding times are shown in 
Figure C-5a. From the DSC scans, the residual reaction heat (∆Hr) corresponds to the area 
under the observed exothermic reaction for all under-cured samples plotted against 
isothermal cure time (shown in Figure C-5b). The degree of conversion (α) of pre-polymer to 
crosslink network can be calculated by Eq 1:  
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The total reaction heat ∆HT	is determined to be 868.7 J g-1 by scanning uncured sample in the 
DSC at 10 oC/min. The residual reaction heat (∆Hr) in equation 1 is taken from Figure C-5b 
to  calculate α for isothermally cured BECy sample at 150 oC for various times. Similarly, the  
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Tg corresponds to the temperature at which a slight decrease in the heat capacity before the 
exothermic peak in Figure C-5a can be directly measured. The Tg and α of under-cured 
samples at different isothermal holding times are plotted in Figure C-6. For short curing 
times, Tg and α are low but approach equilibrium values at 180 oC and 85% respectively. 
These equilibrium values for Tg and α reveals the fact that the maximum Tg and α that 
can be achieved at 150 oC are approximately 180 oC and 85 %, respectively. Therefore, 
extending the pre-cure holding may not produce 100 % conversion of the pre-polymer 
without post-curing the samples. However, as the Tg and α values reached an equilibrium 
state above 4 hours, curing this long is sufficient for lap shear tests. 
 
 
 
 
 
 
 
 
 
 
 
 
Rheological Behavior of Uncured BECy  
The suitability of BECy resin was also evaluated for conventional bonded patch repairs. 
The severity of many impact induced delaminations (with respect to size and depth) precludes 
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use of an injection repair. For this type of damage, the damaged material must first be removed, 
then replaced with either a metal or composite patch. Bonded patch repair processes are a 
preferred field repair solution (versus bolted repairs) as the resulting bonded joint can obtain 
the stiffness and strength of the original parent laminate if performed correctly. However, in 
patch repair, the processability of the resin plays a major role in the ability to fabricate defect-
free patches by wet lay-up processes. This is the primary reason the resin used to fabricate the 
patch is not the same as the resin used in the base composite laminate being repaired.  As such, 
a knowledge of the rheological properties of BECy is critical for optimizing the wet lay-up 
based, bonded patch repair process.  
A low viscosity in a repair resin is advantageous for its use in wet lay-up of fabric 
patches as it facilitates both better impregnation of the fiber tows and degassing of volatiles 
during the debulking step. This results in a decrease in the density of manufacturing defects 
such as porosity in the final, cured laminate patch. Another requirement for the resin used for 
the wet lay-up is the time required for tow/fabric impregnation should be less than the time 
required for initiating the cure reaction in the resin. This is because with the onset of the cure 
reaction in the infiltration resin, its viscosity increases steadily, impairing further 
impregnation of the fiber tow reinforcements and decreasing the formability of the final 
patch. The partially cured repair patch needs to be flexible enough to fit the contour of the 
(typically) curved composite part being repaired. Therefore, in order to ensure adequate time 
for completing the impregnation process, it is necessary to study the real-time rheological 
behavior of the resin to design optimal processing conditions for making compact wet lay-up 
repair patches.    
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Dynamic oscillatory rheology was used to monitor changes in resin rheological 
properties during isothermal cure. Figure C-7 shows the neat resin viscosity profile of BECy, 
which shows that the storage modulus (G`) and loss modulus (G``) decrease slightly with 
increase in temperature from 50 oC to 100 oC. On further increase in temperature, the heated 
sample starts to cross-link, resulting in an increase in the modulus values. The gel temperature, 
which is considered as cure initiation, is determined from the crossover of the G` and G`` 
curves at 150 oC as a consequence of a cure reaction. At higher temperatures (i.e., above 150 
oC), both G` and G`` increase sharply because of increasing crosslink density after conversion 
of the uncured resin to solid polymer. The observed plateau-like behavior of the G` and G`` 
curves between 170 oC and 190 oC can be attributed to the termination of the cure reaction after 
forming a fully cured polymer. The initial drop in modulus below 110 oC accompanied with a 
reduction in viscosity is beneficial for the wet lay-up process.  
The influence of processing temperature on the complex viscosity (η*) of the resin can 
be seen in the isothermal time sweep curves at 65 oC, 120 oC, and 176 oC shown in Figure 7b. 
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Figure   C-7 Rheological behavior of BECy during cure: a) Storage (G`) and Loss (G``) modulus curves obtained from dynamic 
temperature sweep test; b) Complex viscosity η* as a function of time at various isothermal temperatures. 
104 
 
The viscosity profile at 65 oC appears to be independent of time. Whereas at 120 oC, the 
viscosity of the resin is increasing from the start of the time sweep. After 1 hour at 120 oC, 
the viscosity reaches a stable value because the resin is fully cured. However, the time sweep 
conducted at 176 oC indicates that the resin is completely cured before starting the time 
sweep (the viscosity is at a stable plateau from the start of the time sweep window). It is 
believed that the time taken to prepare the sample between the rheometer plates along with 
the 2 min conditioning time given to reach equilibrium temperature is sufficient to cure the 
resin completely.  During the degassing of the wet patch before curing in a vacuum-bag, a 
process temperature of 65 oC could improve the impregnation of fiber tow reinforcement 
with resin. The observed low viscosity of BECy at 65 oC for an extended period of time is 
advantageous for driving out the residual gases and trapped air during degassing. Initiating 
the cure reaction in BECy by increasing the temperature after degassing solidifies the resin 
with minimum porosity.  
Repair Processing Trials 
BEC Injection Repair Trials on HPS Specimens 
In order to study the interlaminar shear strength required for generating a controlled 
delamination in the composite specimens, the load bearing capacity of the pristine HPS 
specimens was measured by using the setup shown in Figure C-2a. Figure C-8 depicts the 
load vs. compressive extension curves of two HPS specimens. The curves exhibit a peak load 
followed by load instability. The peak load behavior is caused by the initiation of cracks in 
the specimen after a critical load is reached. The load instability after crack initiation 
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corresponds to the interlaminar stick-slip-type crack propagation. For evaluating the repair 
efficiency of the resin with repeatable results, it is necessary to generate delaminations that 
are reproducible and well defined. 
Figure C-9 depicts the C-scan images of a pristine and a delaminated HPS specimen 
from a batch of four samples. A close examination of the damaged specimens confirms that 
the HPS process is successful in introducing controlled delaminations. The extent of the 
delaminations appears to be limited to within the 2 inch circular window of the HPS setup. 
The scattering at the center of the pristine specimen seems to be an edge effect caused by 
defects in the seal used to close the center hole in the HPS specimens. For evaluating the 
repair efficiency of the resin with repeatable results, it is necessary to determine the nature of 
the delamination within the batch of delaminated specimens. A comparison of delaminations  
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Figure   C-8 Load vs. compressive extension curves recorded in HPS test of BMI-cf 
composite specimens 
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generated in a batch of 4 samples verifies the reproducibility of controlled damage in the 
specimens (not shown here). Therefore, HPS is successful in introducing controlled and 
reproducible delamination in the specimens. 
Fabrication of Single and Double Vacuum Debulk (DVD) Repair Patches 
For field level patch repair of composite structure, the issue of compaction of the 
laminate patch without access to an autoclave is addressed with the DVD process/tool. The 
process uses a rigid, vacuum sealable aluminum enclosure over an inner flexible vacuum bag 
to consolidate wet lay-up laminates. The outer vacuum under the rigid enclosure prevents 
atmospheric pressure from being applied to the laminate and pinching the edges off, which 
allows the inner vacuum to remove more volatiles in a shorter time. Then, at a specified 
point, the vacuum in the rigid enclosure is vented to allow the flexible bag to collapse onto 
the laminate and apply consolidation pressure.  For standard wet lay-up, ply debulking is 
performed by sealing the patch plies under a conventional vacuum bagging system. When 
heat and pressure are applied, gases and volatiles are released from the plies and removed. 
Without the DVD tool, the vacuum bag components limit debulking by pressing down on the 
Figure   C-9 C-scan images of pristine and HPS delaminated specimens 
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patch plies and preventing some of the gases from escaping. The residual gas causes voids 
and porosity in the final cured patch. However, when a conventional vacuum-bagged patch is 
placed inside the DVD tool's chamber, the pressure inside the vacuum bag is equalized by 
removing the chamber's atmospheric pressure during the hot debulk cycle. With pressure no 
longer on the vacuum bag, more gases and volatiles are removed from the patch plies. It is 
expected that a 15 percent greater ply-to-ply compaction is achieved using the DVD process 
compared with the conventional single vacuum bagging technique.  
In this study both conventional single vacuum and DVD processing trials were 
performed utilizing the BECy resin and IM7 based fabric to fabricate 12” x 12”, 9 ply repair 
patches.  The C-scan images of composite patches produced using the single vacuum (a) and 
DVD (b) processes is shown in Figure C-10.  The images are based on the acoustic reflection 
from the back of the laminates at a set gain and provide a relative measure of the % 
transmission efficiency of the ultrasonic signal through the samples (with the color blue 
signifying 100% fully dense material with no scattering defects). The greater the number of 
defects (i.e. voids, porosity, delaminations) through the thickness of the sample, the more 
scattering of the signal resulting in a lower % transmission of reflected acoustic energy 
received by the detector. As the % transmission color scale on the right in the figure is based 
on the relative, acoustic amplitude (power) of the reflected wave (measured in decibels), 
changes in image color represents significant defect density changes. As predicted, the C 
scan image of the laminate fabricated by the single vacuum bag process (Figure C-10a) 
showed a significant degree of porosity and voids compared to the panel fabricated with the 
DVD process.  
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Additional DVD process optimization trials are underway to further reduce the defect 
level in the wet lay-up BECy based repair patches. Though the low viscosity of the uncured 
BECy resin assists in removal of entrapped air, moisture, and other volatiles from the 
laminate during the debulk step, it also more easily allows resin to leak out of the patch into 
the bleeder plies. Acid digestion analysis is currently underway to determine the resin content 
of the BECy repair patches fabricated so far to support further process optimization efforts. 
An optimal patch is fabricated by carefully controlling the cure kinetics/rheology of the 
repair resin in coordination with the proper combination of bagging material (# of bleeder 
plies, type of release plies) and process gates. The processing parameters deduced from the 
above reported DSC and rheological experiments will support further optimization of the 
DVD process to produce high quality BECy repair patches. 
 
Figure   C-10 C-scan images of 12” x 12” 9 ply, BECy/IM7 fabric repair patches fabricated by wet- layup (a) single vacuum 
and (b) DVD processes 
 
Conclusions 
The physical and mechanical properties of BECy resin for repairing damage in BMI-
cf model composites were investigated. A new BECy cure schedule matching the operational 
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temperature limits of repair of typical aircraft components was developed by optimizing the 
interfacial bonding strength between the BECy and BMI-cf composite substrates. Lap shear 
tests in compressive mode revealed that the adhesive bond strength of BECy on BMI-cf 
composites decreases with an increase in cure temperature and holding time above 150 oC. 
DSC analysis revealed the maximum conversion and glass transition temperature achieved as 
85% and 180 oC by curing it at 150 oC over an extended period of time. A controlled 
delamination was achieved in the model substrates specimens by using HPS methods. The 
processing parameters required for producing repair patches with reduced defect levels using 
a wet lay-up process were obtained by observing the time and temperature dependent 
rheological behavior of BECy resin. 
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